tfAffK£0-up Corf 



SPECIFICATION 

A SPIN TRANSISTOR BASED ON THE SPIN-FILTER EFFECT, AND A 
NONVOLATILE NON- VOLATILE MEMORY USING SPIN TRANSISTORS 

TECHNICAL FIELD 

The present invention relates to a novel transisto r. More specifically, th e 
pr e s e nt inv e ntion r e lat e s , and more particularly to a transistor having an the output 
charact e ristic d e p e nding characteristics of which depend on the direction of the-spin of 
eamef sa carrier, and to a nonvolatile memory circuit (nonvolatile memory) ttsm gutilizing 
the same transistor . 

BACKGROUND ART 

As- aConventionally, semiconductor memory used in electronic equipment typified 
by a microcomputer, a DRAM (Dynamic Random Acc e ss M e mory) has be e n mainly 
use dmemories used in electronic devices such as microcomputers have mainly employed 
dynamic random access memories (DRAMs) from the viewpoint of operating speed and the 
degree of device integration. In the DRAM, it is difficult to respond to a reque s t to save 
en e rgy and mobile e quipm e nt in r e c e nt years due to th e probl e ms that en e rgy is consum e d 
for holding m e mory and th e stor e d cont e nts ar e lost when turning off th e pow e r. To 
r e spond to such requ e st, e ssential is a nov e l m e mory having a nonvolatil e charact e ristic in 
addition to high spe e d, high integration and low power consumption characteristics. It is 
difficult, however, for DRAMs to accommodate the recent demands for lower energy 
consumption and mobility because DRAMs consume energy for memory storage purposes 
and the stored data is lost once power supply is turned off. In order to address such 
demands, a novel memory is required that is nonvolatile as well as fast, highly integrated, 
and energy-saving. 

Att e ntion is b e ing focus e d on an MRAM ( Magnetoresistive Random 

Acc e ss M e mory) random access memories (MRAMs) are now gaining attention as a next- 
generation memory which can realizo w ith the nonvolatile property, in addition to being 
capable of achieving operating speeds and levels of integration equa komparable to those of 
th e DRAM and has a nonvolatil e charactoristic. DRAMs. The MRAM stores information 
according to th e directions of magnetization of f e rromagnetic substances and el e ctrically 
r e ads the information according to the directions of magnetization b y in terms of the 
direction of magnetization of a ferromagnet. The relative magnetization configuration of 
the information stored in the MRAM is electrically sensed utilizing the giant 
magnetoresistance effect efin a spin valve deviee element, or the tunneling 
magnetoresistance (TMR) effect efin a magnetic tunnel junction (MTJ). The MRAM which 
us e s th e ferromagn e tic substanc e s Since MRAMs utilize a ferromagnet, they can hold 
information in ^nonvolatile manner without consuming energy. 

FIGS. 17(A) and 17(B) are diagrams showin g Fig. 17 shows a typical cell 
structure configuration of an MRAM using an utilizing a MTJ. As shown in FIGFig. 17(A), 
m-the MRAM7 comprises a efte-Ubit memory cell i s constitut e d bv consisting of one MTJ 
and one metal oxide semiconductor ( MPS (M e tal Oxid e S e miconductor ) transistor. The 
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gate of the MOS transistor is connected to a read word line wordline for sensing , the source 
thereof is grounded, and the drain ther e of is connected to one end of the MTJ , and th e . The 
other end of the MTJ is connected to a b&-fae bitline . 

As shown in H QFig . 17(B), the MTJ has a tunnel junction structure 
having a thin insulator film interpos e d betw e en two ferromagn e tic e l e ctrodes and 
ha sconsisting of two ferromagnetic electrodes separated by a thin insulating film. The MTJ 
provides the TMR effect in which tunnel resistance is diff e r e nt according to th e r e lativ e 
dir e ction s of magn e tization of th e two f e rromagn e tic e lectrod e s. In particular, th e rat e s of 
chang e of th e TMR wh e n th e two ferromagn e tic e lectrod e s hav e parallel magn e tization and 
when they have anti parall e l magnetization are call e d a TMR ratio which is used for 
e valuating the TMR eff e ct. 

Th e MRAM stores information by allowing th e magn e tization state of th e MTJ, 

that i s , th e relativ e directions of magnetization of th e two ferromagnetic electrod e s to be 
parall e l magnetization or anti parallel magnetization by a synth e sized magn e tic field 
induc e d by e l e ctric currents flowed to a bit lin e and a r e write word lin e , not shown, 

orthogonal th e r e to. To r e ad stor e d information stor e d in a sp e cifiod varies depending 

on the relative magnetization configuration of the two ferromagnetic electrodes. The rate 
of change of TMR between the case where the two ferromagnetic electrodes carry parallel 
magnetization and the case where they carry antiparallel magnetization is referred to as the 
TMR ratio, which is used for the evaluation of the TMR effect. 

In the MRAM, information is stored in terms of the configuration of magnetization 
of the MTJ. Specifically, the relative magnetization configuration of the two ferromagnetic 
electrodes is rendered either parallel or antiparallel using a composed magnetic field 
formed by magnetic fields induced by currents that are caused to flow through the bitline 
and a wordline for writing (not shown) disposed perpendicular to the bitline. 

When sensing information stored in a particular cell, a voltage is applied to a 
specifiedc read word line wordline for sensing connected to the cell to conduc t so as to 
bring the MOS transisto r, a r e ad e l e ctric current (h e reinaft e r, call e d a "driving curr e nt") i s 
flow e d from a sp e cified bit line into conduction, so that a current for sensing (to be 
hereafter referred to as a "drive current") flows through the MTJ via a specific bitline 
connected to the cell to th e MTJ, and the . A voltage dropped-e f across the MTJ bas e d on 
due to the TMR effect is then detected as an output voltage to rea dsense the stored 
information. 

DISCLOSURE SUMMARY OF THE INVENTION 

Th e MRAM using the MTJ employs the f e rromagn e tic substances to hav e 

nonvolatile, low pow e r consumption, and high speed charact e ristics. Th e Because the 
MRAMs based on MTJ employ ferromagnets, they are nonvolatile, energy-saving, and fast. 
In addition, their simple cell structure is simplifi e d to b c renders the MRAMs suitable for 
high z density integration.-The However, before the MRAM is exp e ct e d can be realized as a 
next— generation nonvolatile memor y. To realize this, there aro A the following problems 
te must be selve dovercome . 

(1) The An MTJ has a binar y exhibits two resistance values corresponding 
to the magnetization s tates of parall e l magn e tization and anti parallel magn e tization. The 



MRAM flows the driving current to th e MTJ to det e ct th e r e sistanc e valu e parallel and 
antiparallel magnetization, and an MRAM detects these resistance values as an output 
voltage. To output voltages by causing a drive current to flow through the MTJ. Thus, in 
order to obtain a high output voltage, the thickn e ss of th e insulator film of th e MTJ must b e 
adjust e d to optimiz e the tunn e l r e sistance. tunnel resistance must be optimized by adjusting 
the thickness of the MTJ insulating film. However, Ssince the TMR ratio also depends on 
the thicknes s of the insulator film, optimizin g insulating film thickness, optimization of the 
tunnel resistance is limited. 

(2) To precis e ly r e ad th e m e mory contents of information, the TMR ratio 

must b e large to increas e the ratio of tho (2) Further, if the stored information is to be sensed 
accurately, the TMR ratio must be increased such that a high ratio of output voltages of the 
two magnetization stat e s o f configurations, i.e., parallel magn e tization and anti parall e l 
magn e tization. To r e aliz e a high TMR ratio, f e rromagn e tic substances having larg e spin 
polarizability must b e used to optimiz e th e forming method, material and film and 
antiparallel can be obtained. In order to achieve a high TMR ratio, a ferromagnet with a 
large spin polarization must be employed, and also the method of forming an insulating 
layer and its material and thickness of th e insulator laye r , for example, must be optimized . 

(3) In thean MRAM using the utilizing a MTJ, athe bias applied to the 
MTJ must be ferg eincreased in order to increase the operating speed.-Th e However, the 
MTJ has an unavoidabl e the fundamental problem in principl e that th e TMR ratio is 
d e creased whe n that, as the voltage drop caused b e tw ee n across the ferromagnetic electrodes 
is incr e as e d. The increases, the TMR ratio drops. Thus, the rate of change of an output 
voltag e ba s ed on th e TMR is decr e ased as th e voltag e drop caus e d in th e MTJ is increased. 
Th e phenom e non is du e to output voltages due to TMR decreases as the voltage applied to 
the MTJ increases. This phenomenon is inherently based on the TMR effect its e lf. It is 
difficult and hard to avoid i^as long as the configuration of magnetization stat e s ar e read 
enly is sensed based solely on the TMR effect. 

Summarizing th e abov e probl e ms Thus , in order to detect stered-information 
stored in a MTJ with high sensitivit y in the MTJ, , the output voltages must be optimized by 
adjusting the impedance (junction resistance) of the MTJ must bo adjusted to optimize tho 
magnitud e of output voltag e s. Furth e r, th e TMR ratio must be larg e . It is also necessary to 
increase the ratio of th e output signals o f signal ratio of the two magnetization stat es 
o fconfigurations, namely, parallel magn e tization and anti parall e l magn e tization. Th e bias 
resistance of the TMR ratio is n e c e ssary so as not to decrease the TMR ratio by a bias and 
antiparallel, by increasing the TMR ratio. At the same time, the TMR ratio must be 
prevented from being lowered by biasing . 

4f-a nAH of the aforementioned problems can be overcome if output signal 
characteristics can be freely designed by-th ein terms of peripheral circuits other than a 
storag e d e vic e circuitrv regardless of the characteristic of th e storag e d e vic e , all the abov e 
probl e ms can b e s olv e d characteristics of the memory elements . 

-Aftlt is therefore an object of the present invention is-to provide a nonvolatile 
memory in which-stefes information in ferromagn e tic substances includod is stored in terms 
of the magnetization configuration of a ferromagnet contained in a transistor according to a 
magn e tization state and r e ads and in which the information is sensed using anthe output 
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characteristics of the transistor d e p e ndin g that depend on the direction of the-spin of 
eareer sthe carrier . 

According to ln one viewpoint o f aspect, the present invention , th e r e is provid e d 
provides a transistor Jmvmgcompming: a spin injector for injecting spin-jolarized hot 
carriers by a spin ^filter effect; and a spin analyzer for selecting the thus injected spin- 
polarized hot carriers by the spin ^filter effect.-The Thus, the output characteristics of the 
transistor can be controlled depending on the spin direction of the spin of the spin 
polarized hot carriers. 

Preferably, th e The spin injector ha spreferably comprises a first ferromagnetic 
barrier layer, a first nonmagnetic electrode layer joined to one end surface of the first 
ferromagnetic barrier layer, and a second nonmagnetic electrode layer joined to the other 
end surface of the first ferromagnetic barrier layer. 

Pr e f e rably, th e The spin analyzer has preferablv comprises: a second ferromagnetic 
barrier layers the second nonmagnetic electrode laye r joined to one end surface of the 
s e cond f e rromagn e tic barri e r lay e r,; and a third nonmagnetic electrode layer joined to the 
other end surface of the second ferromagnetic barrier laye r, and shar es th e . The second 
nonmagnetic electrode layer wrt his joined to one end surface of the second ferromagnetic 
barrier layer. The second nonmagnetic electrode layer is common to the spin injector- and 
the spin analyzer. 

Pr e f e rably, th e The first and second ferromagnetic barrier layers mehtde preferably 
comprise an insulating ferromagnetic semiconductor or a ferromagnetic insulato r, and the . 
The energy band edges of these ferromagnetic barrier layers are constitut e d by any one ofi s 
preferably formed by an up -spin band andor a down z spin band by^-fche due to spin split 
Pr e f e rably, the splitting. The thickness of the second nonmagnetic electrode layer is 
bele wpreferably not greater than the mean free path of the spin- polarized hot carriers efin 
the second nonmagnetic electrode layer. 

-The ln the spin injector has a larg e tunn e l , the tunneling probability to carri e r s 
hav mgwith respect to the carriers with a spin parallel to the spin band constitutin g forming 
the band edge of the first ferromagnetic barrier layer and a s mall tunn e l probability to 
carri e rs having a spin anti parallel thereto. The carri e rs having a spin parallel to the spin 
band constitutin gi s large, whereas that with respect to the carriers with an antiparallel spin 
is small. Thus, carriers with a parallel spin with the spin band forming the band edge of the 
first ferromagnetic barrier layer can be injected as hot carri e rs from the first nonmagnetic 
electrode inteto the second nonmagnetic electrode laye r as hot carriers . 

-The On the other hand, the spin analyze r conducts, b y , due to the spin -spli tting at 
the band edge of the second ferromagnetic barrier layer, th e spin allows the spin-p olarized 
hot carriers to be transported to the third nonmagnetic electrode layer when the spin 
direction of the spin of th e spin _ polarized hot carriers injected into the second 
nonmagnetic electrode is parallel to the spin direction of the spin of the spin band at the 
band edge of the second ferromagnetic barrier layer-an d. However, the spin analyzer does 
not conduc t allow the spin-^polarized hot carriers to be transported to the third 
ferromagnetic electrode when the spin direction of the spin-^polarized hot carriers is anti 
parall e l to the dir e ction of th e spin antiparallel to that of the spin band at the band edge of 
the second ferromagnetic barrier layer. 



-The Thus, even under the same bias condition, the output characteristics of the 
transistor under the same bias d e pends depend on the relative dir e ctions of magnetization ef 
th e first ferromagn e tic barrier layer and the configuration of the first ferromagnetic barrier 
layer and second ferromagnetic barrier layer. Wh e n th e first f e rromagn e tic barri e r lay e r and 
th e Specifically, the current transfer ratio or current gain is large when the first 
ferromagnetic barrier layer and second ferromagnetic barrier layer have parallel 
magnetization , a current transmission factor or a curr e nt amplification factor is high. Wh e n 
th e y hav e anti parallel magn e tization, a current transmission factor or a curr e nt 
amplification factor is low, and it is small when they have antiparallel magnetization. 

There is provid e d The invention also provides a nonvolatile memory circuit in 
which stor e s information according to the r e lative dir e ctions of magn e tization of the first 
f e rromagn e t i c barri e r lay e r and th e second ferromagnetic barri e r lay e r and r e ads the 
information bas e d on the output characteristic of the transistor depending on the 
magnetization state. Th e memory circuit can constitute a memory c e ll by th e transistor 
atener information can be stored in terms of the relative magnetization configuration of the 
second ferromagnetic barrier layer and the first ferromagnetic barrier layer, and in which 
the information can be sensed using the output characteristics of the transistor that depend 
on the magnetization configuration. In this memory circuit, a memory cell can be 
configured with a single transistor. 

According to anoth e r asp e ct of th e pr e s e nt inv e ntion, th e r e is provid e d a 

nonvolatil e m e mory circuit having m e an s s toring information according to th e dir e ctions of 
magn e tization of ferromagnetic substances using a spin transistor including the 
f e rromagn e tic substances having an output charact e ristic depending on the direction of th e 
spin of carri e rs, and m e ans electrically reading th e information stor e d in th e s pin transistor 
from th e output charact e ristic. 

In another aspect, the invention provides a nonvolatile memory circuit comprising 
a spin transistor containing a ferromagnet and having output characteristics that depend on 
the spin direction of the carriers, a means for storing information in terms of the relative 
magnetization configuration of the ferromagnet, and a means for electrically sensing 
information stored in the spin transistor using the output characteristics. 

Pr e ferably, — th eThe spin transistor ha spreferably comprises at least one 
f e rromagn e tic substance (her e inaft e r, call e d ferromagnet (to be hereafter referred to as a 
"free layer") capabl e of independently controlling the dir e ction of magn e tization and at 
least on e f e rromagn e tic substance (hereinafter, called a -"pin layer") not changing the 
dir e ction of magnetization, and holds, as stor e d information, in which the relative 
magnetization configuration can be independently controlled, and at least one ferromagnet 
in which the relative magnetization configuration is not changed (to be hereafter referred to 
as a "pin layer"). Stored information is retained in the form of a first state in which the 
dir e ction of magnetization r elative magnetization configuration of the free layer is the same 
as th e dir e ction of magn e tization that of the pin layer-and, or a second state in which the 
dir e ctions of magnetization their magnetization configurations are different. 

Preferably, the spin transistor has comprises: a first electrode structure for 
injecting spin—polarized carriers^; a second electrode structure for receiving the spin- 
polarized carriers^ and a third electrode structure for controlling the quantit y amount of the 
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spin-^polarized carriers conduct e d transported from the first electrode structure to the 
second electrode structure , and the . The pin layer and the free layer are preferably included 
in any ene-of the first to third electrode structures. 

Th e r e is provid e d a s torage The invention also provides a memory circuit having a 
spin transistor array e d comprising: the aforementioned spin transistors arranged in amatrix ? ; 
a word line wordline connected to the third electrode structures^; a first wir e groundin g line 
connecting the first electrode structure, structures to ground; and a bk4me bitline connected 
to the second electrode structure . structures . A plurality of word lines wordlines are 
extended in the column direction . Multiple bit lin e s , and a plurality of bitlines are extended 
in the directio n crossing the same (the row direction ^ perpendicular to the column 
direction. The spin transistors is arraye d are disposed near the cross point intersections of 
the word lin e w ordlines and th e bit line bitlines . 

-The ln the aforementioned memory circuit inv e rts ^ the magnetization efin the free 
layer b ycan be reversed by a magnetic fi e lds induc e d by flowing electric currents to a first 
anoth e r wir e and a second anoth e r wir e crossing in th e s tate of b e ing e lectrically insulated 
from e ach other on the spin transistor to chang e field induced by a current caused to flow 
through a first separate line and a second separate line intersecting one another above the 
spin transistor in an electrically insulated manner, whereby the relative magnetization state 
e fconfiguration between the free layer and the pin layer for s toring (or rewriting) 
information, can be changed so that information can be stored (or written). 

In place of th e first anoth e r wir e and the s e cond another wir e or any on e of the first 

another wire and the second anoth e r wir e , th e word line and the bit lin e can be used or any 
one of th e word lin e and th e bit lin e can b e used. 

It is possible to use the wordline and/or the bitline instead of the first separate line 
and/or the second separate line. 

-^Fh eln the aforementioned memory circuit can read ^ information based on c an be 
sensed using the output characteristics of the spin transistor when the free layer and the pin 
layer includ e d in the spin transistor have parallel magnetization. 

Th e r e is provided th e The memory circuit in which m ay comprise an output 
terminal is-formed aton one end of each of th e bit lin e s bitline, and a second wi reline 
brancheding from each of the bit lines b itline and connected via a load to a power source is 
provided, supply via a load. 

In this case, the information can be r e ad b y sensed from an output voltage 
obtained based on from the voltage drop efacross the load by an electric due to a current 
produc e d betwe e n through the first and second electrode structures of the spin transisto r, the 
output voltage depending on the relative magnetization state o f configuration between the 
free layer and the pin layer. 

Using the abeve aforementioned circuit con provide ^ a high — integration 
density and high- speed nonvolatile memory circuit with high int e gration d e nsit y can be 
provided in which can d es ign an the output voltages according to a depending on the 
magnetization state-i ftconfiguration within the transistor by-a can be designed via the load 
and a-power sewee supplv . 

BRIEF DESCRIPTION OF THE DRAWINGS 
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FIGS. 1(A) and KB) ar e diagrams showing Fi g. 1 shows the structure of a spin z 
filter transistor according to thisan embodimen t, in which FIG, 1(A) is of the invention. 
Fig. 1 (A) shows a schematic cross s e ctional vi e w and FIG. — 14SMs section. Fig. 1 (B) 
shows an energy band diagram of a_conduction bands (or a_valence bands) of the structure 
shown in FIG. l(A) Fig. 1 (A), together with the dir e ctions of th e spins of the spin bands 
e fspin direction of a spin band in the barrier lay e rs; layer. 

FIGS. 2(A) and 2(B) are Fig. 2 shows an energy band diagrams wh e n applying 
base ground diagram in a case where a common-base bias voltages voltage is applied 
between the emitter (a-first nonmagnetic electrode layer) , th e base (a second nonmagn e tic 
e lectrode lay e r), and the and collector (a third nonmagnetic electrode layer) of the spin 
filt e r tran s i s tor according to this e mbodiment, in which FIG. 2(A) shows the cas e that th e 
dir e ctions of magn e tization of the first and s e cond f e rromagn e tic barri e r layers ar e parall e l 
to e ach other and FIG. 2(B) shows the cas e that th e dir e ctions of magnetization of th e first 
and second ferromagnetic barrier layers are anti parallel to each othen -filter transistor of 
the present embodiment. Fig. 2 (A) shows a case where the relative magnetization 
configuration of the first and second ferromagnetic barrier layers is parallel. Fig. 2 (B) 
shows a case where the relative magnetization configuration of the first and second 
ferromagnetic barrier layers is antiparallel. 

FIGS. 3(A) and 3(B) are diagrams showing a static charact e ristic in th e 

bas e ground of th e spin filt e r transistor according to thi s e mbodim e nt in which th e 
horizontal axis indicates collector base voltag e V g b in th e right direction in th e 
drawin g Fig. 3 shows the static characteristics of the spin-filter transistor of the present 
embodiment in a common-base configuration. The horizontal axis shows collector-base 
voltage V rn to the right and emitter—base voltage V E b «*to the left direction th e r e in and 
the at the top of the figure. The vertical axis indicat es shows emitter current Ie, base current 
Ib, and collector current I c, in which FIG. 3(A) shows a characteristic of the case that the 
magnetization state . Fig. 3 (A) shows the characteristics in a case where the magnetization 
configuration between the ferromagnetic barrier layers of the emitter and the-collector is 
parallel magn e tization and FIG. 3(B) shows a characteri s tic of the case that it is anti 
parallel magnetization; , while Fig. 3 (B) shows the characteristics in the case of antiparallel 
magnetization. 

FIG. 4 (A) is a diagram showing a structural exampl e of m e mory cells using spin 

filt e r transistors 1 according to this embodim e nt, FIG. 4 (B) is a diagram showing a 
structural example of a memory circuity and FIG. 4(C) is a diagram in which the vertical 
axis indicat e s coll e ctor current fe, th e horizontal axis indicat e s collector e mitter voltage 
¥q e, and an Ig -^ge characteristic of spin filt e r transistors 1 and a load straight line by a 
load r e si s tanc e ar e shown in th e sam e drawing; 

FIG. 5(A) is a diagram sch e matically showing an example of an output 

charact e ristic of a curr e nt driven typ e spin tran s istor, and FIG. 5(B) is a diagram 
schematically showing an e xampl e of an output charact e ristic of a voltag e driven type spin 
transistor; 

FIG. 6(A) is a diagram showing a structural e xample of memory cello using 

voltag e driv e n type spin tran s istor s according to this embodim e nt, FI G. 6(B ) is a diagram 
showing a structural exampl e of a m e mory circuit, and FIG. 6(C) is a diagram in which th e 
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v e rtical axis indicat e s drain curr e nt I s , the horizontal axis indicate s drain sourc e voltag e 
¥q s, and an T^ -Vo s characteristic of voltage driven type spin transistors 150 and a load 
curve by activ e load ar e shown in the s am e drawing; 

Fig. 4 (A) shows an example of a memory cell utilizing a spin-filter transistor 1 of 
the present embodiment. Fig. 4 (B) shows an example of a memory circuit. The vertical 
axis of Fig. 4 (O shows collector current Ir> and the horizontal axis shows collector-emitter 
voltage Vrg, together with the Ir -Vr n characteristics of the spin-filter transistor 1 and a load 
line due to a load resistor. 

Fig. 5 (A) shows an example of the output characteristics of a current-driven spin 
transistor. Fig. 5 (B) schematically shows an example of the output characteristics of a 
voltage-driven spin transistor. 

Fig. 6 (A) shows an example of a memory cell employing a voltage-driven spin 
transistor of the present embodiment. Fig. 6 (B) shows an example of a memory circuit. 
The vertical axis of Fig. 6 (Q shows drain current In, and the horizontal axis shows drain- 
source voltage Yds, the figure also showing the I n-V ns characteristics of a voltage-driven 
spin transistor 150 and a load curve due to an active load in the same chart. 

-HQFig. 7 isshows an energy band diagram showing a structural of an example of a 
hot electron transistor type spin transistorf . 

-KGFig. 8 i sshows an energy band diagram showing a structural of an example of a 
hot -electron transistor type spin transistor using h e at r e l e ase employing thermionic 
emission injectionf. 

-HG Fig . 9 i sshows an energy band diagram showing a structural of an example of a 
hot ^electron transistor type spin transistor usin^ autilizing the spin z filter effect-. 

-HGFig. 10 is shows an energy band diagram showing a structural of an example of 
a tunnel base transistor type spin transistorf. 

FIG. 11 is a cross s e ctional view showing a structural e xample of a MOS 

transistor typ e spin transi s tor; 

Fig. 1 1 shows a cross section of a MOS transistor type spin transistor. 

-HGFjg. 12 is shows a cross sectional view s howing a structural exampl e section 
of a modulation z doped transistor type spin transistorf. 

FIG Fig. 13 is shows a cross s e ctional vi e w showing a structural section of an 
example of a MOS transistor type spin transistor havin gcomprising a ferromagnetic 
semiconductor channel^ 

-FI GFig . 14 i sshows a cross s e ctional view showing a structural section of an 
example of a spin transistor having a s tructure in which a gate insulator film and a gat e 
e l e ctrod e ar e provid e d to comprising a ferromagnetic source, a ferromagnetic drain, and a 
nonmagnetic insulating tunnel barrier provid e d betw ee n a f e rromagn e tic sourc e and a 
ferromagn e tic drain ; d isposed between the source and the drain, wherein a gate insulating 
film and a gate electrode are formed on the tunnel barrier. 

FIG. 15 is a cross s e ctional vi e w showing a structural e xampl e of a spin 

transistor having a structur e in which a gate insulator film and a gate e l e ctrod e ar e provid e d 
to an insulating ferromagnetic tunnel barri e r provided b e tw e en a ferromagn e tic source 
ftft dFig. 15 shows a cross section of an example of a spin transistor comprising a 
ferromagnetic source, a ferromagnetic drain or a nonmagnetic drain s and an insulating 
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ferromagnetic tunnel barrier disposed between the source and drain, wherein a gate 
insulating film and a gate electrode are formed on the tunnel barrier. 

FIG. 16(A) is a diagram showing a structural exampl e of m e mory cells having a 

shar e d sourc e structur e ; 

FIG. 16(B) is a diagram showing a cross s e ctional structur e e xampl e of th e 

memory cells having a shared source structure; and 

Fig. 16 (A) shows an example of a memory cell with a common-source 
configuration. 

Fig. 16 (B) shows a cross section of a memory cell with a common-source 
configuration. 

-BGFig. 17 (A) is a diagram showin g shows the structure of a typiea konventional 
MRAM using an MTJ, and FIG. 17(B) i s a diagram showin g utilizing a MTJ. Fig. 17 (B) 
shows the operating principle of the MTJ. 

BEST MODE FOR CARRYING OUT THE INVENTION AThe transistor according to 
the present invention ha scomprises a spin injector for injecting spin— polarized hot carriers 
having th ea specific spin direction of a specifi e d spin, and a spin analyze r , and a spin 
analyzer for selecting the thus injected spin— polarized hot carri e rs according to the 
dir e ction of the spin. carries by their spin directions. The spin injector ha scomprises a first 
ferromagnetic barrier layer feavrn gwith such a thickness p e rmitting a tunnel o ff e ct allowing 
for tunneling, such as Fowler— Nordheim tunn e l or direct tunn e l, a fir s t nonmagn e tic 
electrode layer joined to one end surface of the first ferromagnetic barrier layer, and a 
s e cond nonmagnetic e l e ctrode lay o r tunneling or a direct tunneling; a first nonmagnetic 
electrode layer joined to one end surface of the first ferromagnetic barrier layer; and a 
second nonmagnetic electrode layer joined to the other end surface of the first 
ferromagnetic barrier layer. The spin analyzer-ha s comprises a second ferromagnetic 
barrier layers a second nonmagnetic electrode layer joined to one end surface of the second 
ferromagnetic barrier layers and a third nonmagnetic electrode layer joined to the other end 
surface of the second ferromagnetic barrier laye r, and shar e s th e s e cond nonmagn e tic 
el e ctrode layer with the spin injector. . The second nonmagnetic electrode layer is common 
to the spin analyzer and the spin injector. The thickness of the second nonmagnetic 
electrode layer is preferably bele wnot greater than the mean free path of the spin- 
polarized hot carriers efin the nonmagnetic electrode layer. 

Th eWhen the above -described structure is compared with the structure that of a 
knew nconventional hot electron transistor^ Tthe first nonmagnetic electrode layer and the 
first ferromagnetic barrier layer correspond to anthe emitter and an emitt e r barri e r. The the 
emitter barrier, respectively; the second nonmagnetic electrode layer corresponds to athe 
base^Fh e; and the second ferromagnetic barrier layer and the third nonmagnetic electrode 
layer correspond to a collector barri e r and a coll e cto rt he collector barrier and the collector, 
respectively . 

The first and second ferromagnetic barrier layers ineiude comprise an 
insulating ferromagnetic semiconductor or a ferromagnetic insulator. The energy bands of 
these ferromagnetic barrier layers are spin -split by magnetic exchange interactionr-On^ 
and only an up -spin band o r only a down r spin band exists at the band edges by th e due to 
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this spin spttf rsplitting. The energy width in which only one of the spin bands exists is 
eaHed referred to as a spin z split width. 

According to th e s pin The spin- filter effect of the spin injecto r takes advantage of 
the following fact. Namely , in the tunneling effect^ such as Fowler— Nordheim (FN) 
tunneling ora direct tunnel produc e d by applyin g tunneling, in which a voltage is applied to 
the first ferromagnetic barrier layer via the first nonmagnetic electrode layer and the second 
nonmagnetic electrode laye r to the first f e rromagn e tic barri e r lay e r, larg e is th e tunnel 
probability of th e carri e rs having th e dir e ction of th e spin (wh e n th e carriers ar e e lectrons, 
r e f e rring to th e dir e ction of th e spin anti parall e l to th e magn e tization of th e first 
f e rromagn e tic barrier layer, and when the carriers are holes, referring to the spin parallel to 
th e magn e tization of th e first f e rromagn e tic barri e r lay e r) match e d with the dir e ction of th e 
spkh those of the carriers in the first nonmagnetic electrode layer that have a spin direction 
corresponding to that of the spin band at the band edg eend of the first ferromagnetic barrier 
layer (the spin direction being antiparallel to the magnetization of the first ferromagnetic 
barrier layer when the carriers are electrons, or parallel to the magnetization of the first 
ferromagnetic barrier layer when the carriers are hole) have a large tunneling probability, 
whereas those with a spin direction that does not correspond (the spin direction being 
parallel to the magnetization of the first ferromagnetic barrier layer of th e carri e rs of the 
first nonmagn e tic e l e ctrode lay e r, and small is th e tunn e l probability of th e carri e rs having 
th e direction of th e spin (wh e n th e carri e r s ar e e l e ctrons, r e f e rring to the dir e ction of th e 
spin parallel to th e magn e tization of th e first f e rromagn e tic barri e r lay e r, and when th e 
carriers ar e hol e s, r e ferring to the spin anti parallel to the magnetization of the first 
ferromagnetic barrier lay e r) not matched th e rewith when the carriers are electrons, or 
antiparallel to the first ferromagnetic barrier layer when the carriers are holes) have a small 
tunneling probability . 

According to the The spin -filter effect of the spin analyzer ^ takes advantage of 
the ease-e ffact that, when injecting spin— polarized hot carriers from the spin injector into 
the spin -split band of the second ferromagnetic barrier layer, wh e n th e dir e ction of th e spin 
of th e inj e ct e d spin polariz e d hot carriers is parall e l to th e dir e ction of th e s pin of th e spin 
band at th e band edge of th e second ferromagnetic barrier layer (the first and second 
ferromagn e tic barri e r lay e rs hav e parallel magn e tization), the spin the spin-p olarized hot 
carriers are conduct e d transported through the spin band efin the second ferromagnetic layer 
t eand arrive at the third nonmagnetic electrode laye r, and when th e dir e ction of th e spin of 
the spin polarized hot carriers is anti parallel to th e dir e ction of th e spin of the spin band at 
th e band e dg e of th e s e cond ferromagnetic barri e r lay e r (th e first and second ferromagn e tic 
barri e r lay e rs hav e anti parallel magnetization), the spin when the spin direction of the 
injected spin-polarized hot carriers is parallel to that of the spin band at the band edge of 
the second ferromagnetic barrier layer (where the first and second ferromagnetic barrier 
layers have parallel magnetization), whereas when the spin direction at the band edge of the 
second ferromagnetic barrier layer is antiparallel to that of the spin-polarized hot carriers 
(where the first and second ferromagnetic barrier layers have antiparallel magnetization), 
the spin-p olarized hot carriers cannot be conduct e d transported through the second 
ferromagnetic barrier layer. 

According to th e above structur e ln this arrangement , the carriers in the first 



10 



nonmagnetic electrode layer havin g with the gein_direction of th e spin parallel to the 
direction of tho opin that of the spin band at the band edge of the first ferromagnetic barrier 
lay e r- are injected as spin— polarized hot carriers into the second nonmagnetic electrode 
layer by th e tunn e l e ffect tunneling, such as Fowler— Nordheim tunneling or ^direct tunn e l 
At thio tim e , th e abov e tunneling. The transistor is biased sesuch that the energy of the 
injected spin thus injected spin-p olarized hot carriers is larger than the energy atof the spin 
band edge at the band edge of the second ferromagnetic barrier layer and is-smaller than the 
energy mof the spin band edge to which the spin -split width is appli e d to th e spin band 
e dg e . Tho has been added. Since the thickness of the second nonmagnetic electrode layer is 
beiewnot greater than the mean free path of the spin-^polarized hot carriers in the second 
nonmagnetic electrode layer^ Tthe injected spin— polarized hot carriers reae harrive at the 
second ferromagnetic barrier layer without losing energy.-Th e In addition, the energy of the 
spin— polarized hot carriers is larger than th e e n e rgy that of the spin band edge at the band 
edge of the second ferromagnetic barrier layer and is smaller than the energy m of the spin 
band edge to which the spin split width i s added to th e spin band e dge. Wh e n th e direction 
of th e spin of th e inj e cted spin -split width has been added. Therefore, when the spin 
direction of the injected spin-p olarized hot carriers is parallel to the dir e ction of the 
spi mpin direction of the spin band at the band edge of the second ferromagnetic barrier 
layer, the spin-^polarized hot carriers are conducted through transported within the spin 
band by an electric field produced in the second ferromagnetic barrier layer, are carri e d and 
transported to the third nonmagnetic electrode layer, and b e com e an electric producing a 
current flewm gthat flows between the third nonmagnetic electrode layer and the first 
nonmagnetic electrode layer. 

Wh e n the dir e ction of th e spin On the other hand, when the spin direction of the 
injected spin— polarized hot carriers is anti parall e l antiparallel to the dir e ction of th e 
spm spin direction of the spin band at the band edge of the second ferromagnetic barrier 
layer, the spin— polarized hot carriers are scattered (or backscatter e d) a t reflected) by the 
int e rfac e o f boundary between the second nonmagnetic electrode layer and the second 
ferromagnetic barrier layer, and b e com e an electric producing a current flewm gthat flows 
between the second nonmagnetic electrode layer and the first nonmagnetic electrode layer. 

D e pendin g Thus, depending on whether the relative directions of magnetization 
configuration of the first ferromagnetic barrier layer and the second ferromagnetic barrier 
laye r, namely, whether thev are parallel or anti parallel antiparallel the e l e ctric current 
flowin g that flows in the first ferromagnetic barrier layer can be switched to th e e lectric a 
current flowing via th e s e cond f e rromagn e tic barrier lave rt hat flows between the third 
nonmagnetic electrode layer and the first nonmagnetic electrode layer or th e e l e ctric curr e nt 
flowing via tho samo via the second ferromagnetic barrier layer, or a current that flows 
between the second nonmagnetic electrode layer and the first nonmagnetic electrode layer. 
Th e e l e ctric current flowing via Namely, the current through the second ferromagnetic 
barrier layer can be controlled according to by the relative dir e ction s of magnetization 
configuration of the first ferromagnetic barrier layer and the second ferromagnetic barrier 
layer. This corresponds to control of a collector current by a base current, as When 
compared with the operation of a-known common-base or common-emitter hot electron 
transistor and bipolar transistor of a bas e ground or an e mitt e r ground. Th e transistor 
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according to this embodim e nt can control th e curr e nt amplification facto r transistors or 
bipolar transistors, the above-described operation of the present embodiment corresponds to 
controlling the collector current by means of the base current. However, in the transistor of 
the present embodiment, the factor of amplification of athe collector current by athe base 
current according to can be controlled by the relative directions of magnetization 
configuration of the first ferromagnetic barrier layer and the second ferromagnetic barrier 
layer.-Th e Thus, the transistor according to this of the present embodiment is a transistor 
capable of controlling the current amplification factor and can control the collector current 
according to th e r e lative directions o f gain, whereby collector current can be controlled not 
only by the base current (or the bias voltage between the first and second nonmagnetic 
electrodes), but also by the relative magnetization configuration of the first ferromagnetic 
barrier layer and the second ferromagnetic barrier laye r as w e ll a s to th e bas e current (or a 
bias voltag e b e tw ee n the first and second nonmagn e tic electrod e s). . 

The co e rcivity o fF urthermore, when the coercive forces of the first ferromagnetic 
barrier layer and the second ferromagnetic barrier layer is changed or one of the 
magn e tization dir e ctions is fix e d. A magn e tic fi e ld having a suitabl e str e ngth in which any 
on e of the dir e ctions of magnetization are varied, or when the relative magnetization 
configuration of one of them is fixed, the relative magnetization configuration of the first 
ferromagnetic barrier layer and the second ferromagnetic barrier layer is inv e rted is applied 
to arbitrarily change the r e lativ e dir e ctions of magn e tization of th e fir s t f e rromagn e tic 
barri e r lay e r and th e second f e rromagn e tic barri e r lay e r to parall e l or anti parall e l In oth e r 
werds can be changed to be parallel or antiparallel as desired by applying a magnetic field 
of an appropriate intensity such that the relative magnetization configuration of either the 
first ferromagnetic barrier layer or the second ferromagnetic barrier layer is reversed. 
Namely , information can be stored in the transistor. 

-A Thus, a memory cell can be constfitgutred— as» g with the above-described 
transistor. An example of a nonvolatile memory usmgutilizing the transistor according to 
this e mbodim e nt will be d e scribed below. The second nonmagnetic electrod e lay e r of the 
transistor according to thi s o f the present embodiment will be hereafter described. The 
second nonmagnetic electrode layer of the transistor of the embodiment is connected to a 
word line- tine r, and Tthe third nonmagnetic electrode layer of the transistor is connected to a 
bit line. The bit lin e bitline. The bitline is connected via a load to a power sourc e to ground 
the first nonmagn e tic e l e ctrod e layer of th e transistor. According to this structure, a 
specifi e d word lin e is selected to appl y to a power supply via a load, and the first 
nonmagnetic electrode layer of the transistor is grounded. In this arrangement, when a 
specific wordline is selected and a bias is applied to the second nonmagnetic electrode 
laye r. A sp e cifi e d bit lin e is sel e ct e d to d e t e ct an , the output voltage (arvoltage produc e d that 
appears at the edge of the third nonmagnetic electrode) . The output voltage is changed 
according to the r e lati ve dir e ctions of magn e tization of th e first f e rromagn e tic barri e r lay e r 
and th e s e cond f e rromagn e tic barri e r lay e r of th e transistor. Wh e n the r e lative dir e ctions of 
magn e tization detected by selecting a specific bitline is seen to vary depending on the 
relative magnetization configuration of the first ferromagnetic barrier layer and the second 
ferromagnetic barrier layer of the transistor. Namely, when the relative magnetization 
configuration are parallel, the output voltage is small e r. Wh e n the relativ e directions of 
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magn e tization ar e aiiti parall e l th e output voltage is larger. Stor e d b ecomes smaller, while 
when the relative magnetization configuration is antiparallel, the output voltage becomes 
larger. Thus, the information that is stored can be r e ad d e p e nding on sensed on the basis of 
the magnitude of the output voltage. 

In the above -described nonvolatile memory, the transistor according to 
feis of the present embodiment is used as an -a common- emitter ground transistor, thea 
power sourc e an d supplv and a load are added provided to the collector, and the collector 
voltage is an output voltag e . An output voltag e wh e n th e fir s t obtained as the output voltage. 
Thus, using peripheral circuitry such as the power supply and load, desired output voltage 
values can be obtained when the first ferromagnetic barrier layer and second ferromagnetic 
barrier layers have parallel magnetization by th e p e ripheral circuits as a sourc e voltag e and 
load and an output voltag eor when they have anti parall e l antiparallel magnetization-ean-be 
d e sign e d to d e sir e d valu es . Usin g . Accordingly, the above -described nonvolatile memory 
can s olve the overcome the aforementioned problems of the MRAM based on MTJ, the 
problems being that the tunnel resistance is small and th e output voltag e is small in the 
MRAM using th e MTJ as well as output voltages are small , that the TMR ratio is so small 
and stor e d that the information that is stored is hard to id e ntif yb e distinguished , and that the 
ratio of the-output voltages i s smaller b y decreases due to the applied bias. 

Th e structure ln the following, the configuration and operation of the above- 
described transistor will b eig described-belew in greater detail with reference made to the 
drawings. To e asily und e rstand th e following description, th e The transistor according to 
tbis of the present embodiment is called a spin will be hereafter referred to as a "spin- filter 
transisto r" for facilitating the understanding of the description of the invention . 

— FIGS. 1(A) and KB) ar e diagrams showing th e s tructur e Fig. 1 shows the 

configuration of a spin ^filter transistor according to tfe sthe present embodiment , in which 
FIG. 1(A) is . Fig. 1 (A) shows a schematic cross s e ctional vi e w and FIG. KB) is section. 
Fig. 1 (B) shows an energy band diagram o f of the conduction bands (or the valence bands) 
of th e structur e s hown in FIG. 1(A) with th e dir e ctions of th e s pins of th e spin bands of 
barri e r lay e rs. band) of the configuration shown in Fig. 1 (A), also showing the spin 
direction of the spin band in the barrier layer. When the carriers are holes, the direction of 
th e spin m agnetization at the band edge is match e d with th e dir e ction of magnetization. 
Whe ncorresponds to the spin direction; when the carriers are electrons, the dir e ction of th e 
spin at th e band edg e is opposit e the dir e ction of magn e tization, relative magnetization 
configuration is opposite to that of the spin direction of the band edge. 

A spin ^filter transistor 1 according to thts the present embodiment 
has comprises a spin injector 5 havm gcomprising: a first ferromagnetic barrier layer 3^2; a 
first nonmagnetic electrode layer 3 joined to one end surface of the first ferromagnetic 
barrier layer 3^2; and a second nonmagnetic electrode layer 4 joined to the other end surface 
of the first ferromagnetic barrier layer £r-aft d2. The spin-filter transistor 1 also comprises a 
spin analyzer 8 havm gcomprising: a second ferromagnetic barrier layer 6, the 6; a second 
nonmagnetic electrode layer 4 joined to one end surface of the second ferromagnetic barrier 
layer 6, and th e 6; and a third nonmagnetic electrode layer 7 joined to the other end surface 
of the second ferromagnetic barrier layer 6. As i s appar e n t will be seen from FI GFig . 1 (A), 
the spin injector 5 and the spin analyzer 8 shares the second nonmagnetic electrode layer 4. 
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As th e The first, second, and third nonmagnetic electrode layers 3, 44* and 7 x7 may 
be formed by a nonmagnetic metal, an n— type nonmagnetic semiconductor, or a p— type 
nonmagnetic semiconducto r can b e us e d. Pref e rably, the . The thickness of the second 
nonmagnetic electrode layer 4 is belew preferably not greater than the mean free path 
mwithin the nonmagnetic electrode layer 4 of the spin— polarized hot carriers injected from 
the spin injector.-The By making the base width-is shorter than the mean free path to allow 
a, the current tran s mission factor to b e transfer ratio can be made 0.5 or abov e . Th e greater, 
so that current amplification function can be obtain e d, can be achieved. 

As th e The first and second ferromagnetic barrier layers 2 and &6 may comprise 
an insulating ferromagnetic semiconductor or a ferromagnetic insulator can be used. ,_The 
energy band of the ferromagnetic barrier layer is spin zSplit by magnetic exchange 
interactio n. An e n e rgy r e gion in whic h , such that an energy region is created at the band 
edge where only an up- spin or only a down- spin exists can b e form e d at the band edg e . 
The spin . Such a spin-p olarized band is eaHe dreferred to as a spin ban d. The e nergy 
r e gion width is called a spin , and this energy region band is referred to as a spin- split width 
A. 

As shown in HQFig. 1 (B), the solid lines indicated by th e arrows f 
te with an arrow t on the ferromagnetic barrier layers 2 and 6 denet eindicate the edge of the 
band e dg e s in which w here an up spin can exist, t ha t is jiamely, an up z spin band edges 9. 
The solid lines indicat e d by th e arrows 1 th e r e to denot e with an arrow i indicate the edge of 
the band edges in whic h where a down spin can exist, thaH snamely , a_down ^spin band 
edges 10. The pertie nregion between the up ^spin band edge 9 and the down -spin band 
edge 10 in H GFig . 1 (B) is a region in which where only thean up spin can exist. A region 
having an en e rg yw ith a higher energy than that of the down -spin band edge 10 is a region 
in which where both the-up spin and the-down spin can exist.-HQ While Fig . 1 (B) shows 
thea case thatwhere the spin band of-tfee up spin is lower than the spin band of the-down 
spim^ Tthe r e vers e opposite state is also possible. 

The first ferromagnetic barrier layer 2 has a thickness in which such that 
the carriers can be transmitted from the first nonmagnetic electrode layer 3 to the second 
nonmagnetic electrode layer 4 by th e tunn e l e ff e ct tunneling, such as Fowle r Nordh e im 
tunn e l (her e inafter, call e d an FN tunn e l -Nordheim tunneling (to be hereafter referred to as 
"FN tunneling") or a_direct tunn e l b y tunneling, in response to the application of a voltage 
applied to the first nonmagnetic electrode layer 3 and to the second nonmagnetic electrode 
layer 4.- : Fhe A direct tunnel ing refers to athe phenomenon in which the carriers-are directly 
transmitt e d p ass through a thin potential barrier. The FN tunnel ing refers to athe 
phenomenon in which a the tunnel ing current b^Mh edue to a direct tunneling can be 
n e glect e d ignored up to a certain applied voltage and in which t he carriers are 
tunn e l e d tunnel through athe triangular potential inat the upper portion top of a potential 
barrier produced by applyin g the application of a voltage abeve exceeding a certain value. 

-A The voltage applied to the first nonmagnetic electrode layer 3 and the second 
nonmagnetic electrode layer 4 may be in athe voltage range used in a typical the 
conventional memory circuit, e .g., o f such as on the order of som e hundr e d s o f several 
hundred mV to several V volts . The thickn e ss of th e second ferromagnetic barrier layer 6 
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must be a thickn e ss so that thermal r e l e as e needs to be sufficiently thick that there is no 
thermionic emission of the carriers and on electric or a current by-4hedue_to tunnel ing (the 
so-called leak current) do not occur from the second nonmagnetic electrode layer 4 to the 
third nonmagnetic electrode layer 7. 

The nonmagnetic electrode layers 3, 4 and 4^ 7 and the ferromagnetic 
electrode layers 2 and 6 form the energy band structures shown in HGFig. 1 (B). Solid 
lines 1 1 efin the nonmagnetic electrode layer portions in FIG Fig . 1 (B) she windicate the 
Fermi energy of athe metal, the Fermi energy of an n— type (p-^type) semiconductor, or the 
energy efat the bottoms of the conduction bands (at the tops of the valence bands). The 
lower energy barriers-ef in the ferromagnetic barrier layers 2 and 6 corresponding to the 
solid lines 11 efat the nonmagnetic electrode layer portions ar eis indicated by §g<£.Ci and the 
spin -split widths-«e_is indicated by Ar-Th eA. Although the ferromagnetic barrier layers 2 
and 6 may have different § a and A. The case that values of cpr and A, the following 
description concerns a case where the ferromagnetic barrier layers 2 and 6 have the same 
Rvalues of cpr and A will b e s hown below. Wh e n A^ 

In the case where the carriers are electrons, a nonmagnetic metal or an n— type 
semiconductor is used asfor the nonmagnetic electrode layers 3, 44^ and TL, and an 
insulating ferromagnetic semiconductor or a ferromagnetic insulator is used asfor the 
ferromagnetic barrier layers 2 and 6. In this case, the up z spin band edges 9 and the down 
spin band e dges 10 -spin band edge 10 are produced by the spin splitting of the bottom of 
the conduction band of the ferromagnetic barrier layers 2 and 6 are thos e in which th e 
bottoms of the conduction bands ar e spin split. Wh e n 6. In the case where the carriers are 
holes, a p-^type semiconductor is used asfor the nonmagnetic electrode layers 3, 4 and 74, 
7* and an insulating ferromagnetic semiconductor or a ferromagnetic insulator is used asfor 
the ferromagnetic barrier layers 2 and 6. In this case, the up ^spin band edges 9 and the 
down z spin band edges 10 of the ferromagnetic barrier layers 2 and 6 are thos e in which th e 
teps produced by the spin splitting of the top of the valence bands ar e spin split b and . 

-^fte Hereafter, the operating principle of the above-described spin ^filter transistor 
will b eis described in detail. In the following description, for simplifying the d e scription, 
the notation of a the notational system for the hot electron transistor is used together. 
Th ewill also be used for simplicity's sake. Specifically, the first nonmagnetic electrode 
layer 3 and the first ferromagnetic barrier layer 2 are call e d will be referred to as an emitter 
24^21, Tthe second nonmagnetic electrode layer 4 is call e d will be referred to as a base 
2£r22, Tthe second ferromagnetic barrier layer 6 and the third nonmagnetic electrode layer 
7 ar e called will be referred to as a collector 2^23, Tthe first nonmagnetic electrode layer 3 
is call e d the will be referred to as an emitter electrode 3r-Th e3, and the third nonmagnetic 
electrode layer 7 is call e d th e will be referred to as a collector electrode 7. An e xampl e of 
th e cas e that The following also concerns the case where the carriers are electrons will b e 
d e scrib e d (wh e n as an example (the case where the carriers are holes^-fche will not be 
described because such a case is substantially the same in terms of operating principle-is 
ess e ntially th e sam e and th e d e scription is omitt e d ). 

FIGS Fig . 2 (A) and 2(B) ar e shows energy band diagrams wh e n applying bas e 
ffleun din a case where a common-base bias voltag e s voltage is applied between the emitter, 
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the-base, and-tbe collector of the spin ^filter transistor according to this e mbodim e nt, in 
which FIG. 2(A) shows the case that the directions o f of the present embodiment. Fig. 2 (A) 
shows a case where the magnetization configurations of the first and second ferromagnetic 
barrier layers are parallel to each othe r and FIG. 2(B) shows th e case that th e dir e ctions of , 
and Fig. 2 (B) shows a case where the magnetization configurations of the first and second 
ferromagnetic barrier layers are anti parallel antiparallel to each othe r and corresponds to 
FIG. 2(A). Bias , corresponding to Fig. 2 (A). A bias voltage V E b is applied b e twe e n 
th eacross emitter 21 and the-base 22. Bias 22, and a bias voltage V C b is applied betwe e n 
the across base 22 and the-collector 23. The magnitude of-the V E b is set to sati s f v such that 
the relationshi pn af^f te (Or < qV E B < <MI>c +A}r A) is satisfied, where q is athe elementary 
charge quantum . 

The emitter 21 sefve sfunctions as a spin injector for injecting spin- 
polarized hot electrons into the to base 22. When the bias voltage V m tunnel passes Thus, 
when causing the carriers from th e emitt e r e l e ctrod e 3 to pass through the first 
ferromagnetic barrier layer 2 x2 from the emitter electrode 3 by tunneling using the bias 
voltage Vf r , since the conduction band of the first ferromagnetic barrier layer 2 is spin-split 
and th e barri e r heights felt by an up spin electron 24 and a down spin electron 25 existing ^ 
split, the barrier height for the up-spin electrode 24 and that for the down-spin electrode 25 
in the emitter electrode 3 are different. In FIG. 2 

Namely, in Fig. 2 (A), the barrier height felt by the up spin e l e ctron 2 4 is an 
en e rgy to the up for the up-spin electrode 24 corresponds to the energy up to an up- spin 
band edge 9 of the first ferromagnetic barrier layer 2, that is, (fr c ror O r- The barrier height 
f e lt by th e down spin electron 25 is an en e rgy to th e down for the down-spin electrode 25 
corresponds to the energy up to a down- spin band edge 10 of the first ferromagnetic barrier 
layer 2, that is, + A. Control o f or O r +A. Thus, by controlling the bas e emitter voltage 
can selectively tunn e l inject, as a hot e lectron, th e electron having a spin having a low e r felt 
barrier h e ight, in this cas e , the el e ctron 2 4 having an up spin into the bas e 22 (thi s 
phenomenon is -emitter voltage, electrons with a spin for which the barrier height is lower, 
namely, an up spin, which correspond to electrons 24 in the illustrated example, can be 
selectively tunnel-injected to the base 22 (in a phenomenon called the-"spin -filter effect^} 
as hot electrons . 

The collector 23 of the spin -filter transistor set=vesfimctions as a spin 
analyzer fo^selecting the direction of the spin-^polarized hot electrons injected into the 
base 22. A spin polariz e d hot el e ctron 26 which b e comes hot Specifically, the spin- 
polarized electrons 26 that have been rendered into hot electrons by the bias voltage V E b 
and is-injected into the base 22, since th e width of the bas e 22 is set below the mean froo 
path of th e spin polariz e d hot e lectron 26, can ballisticall y 22 can arrive at the int e rface of 
the boundarv between base 22 and4he collector 23 without losing energy ^ or "ballisticallv," 
because the width of base 22 is set to be not greater than the mean free path of the spin- 
polarized hot electrons 26. In the second ferromagnetic barrier layer 6 of the-collector 23, 
there is also produced two barriers havin g with different barrier heights occur b y due to the 
spin split ting of the conduction bands. b and. As shown in F-IGFig. 2 (A), when the 
dir e ctions of magnetization configurations of the first and second ferromagnetic barrier 
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layers 2 and 6 are parallel to each other, because the up ^spin band edge 9 of the second 
ferromagnetic barrier layer 6 having a spin parallel to that of the spi n polarized hot oloctron 
26 ha s an e nergy low e r than that of th e spin polariz e d hot el e ctron 26, Th e spin polariz e d 
hot e l e ctron 26 is conduct e d to cross ov e r -polarized hot electrons 26 is lower than the 
energy of the spin-polarized hot electrons 26, the spin-polarized hot electrons 26 are 
transported to the collector electrode 7 across the second ferromagnetic barrier layer 6-4e 
th e coll e ctor electrod e 7 to b e 6, thereby producing a collector current Ic. 

As shown in FIG. 2(B) On the other hand , when the directions of magnetization 
configurations of the first and second ferromagnetic barrier layers 2 and 6 are anti 
paralie fantiparallel to each other, aas shown in Fig. 2 (B), spin— polarized hot electrons 27 
having a with down spin isare injected into th e to a base 22.-Th e In this case, however, 
because the down z spin band edge 10 of the second ferromagnetic barrier layer 6 having 
awith down spin has an e nergyi s higher than tha tthe energy of the spin—polarized hot 
electrons^T r 27, Tthe spin-^polarized hot electrons 27 cannot be conducted transported 
through the conduction band of the second ferromagnetic barrier layer 6 and is subj e ct ^ 
Instead, they lose energy as they are subjected to spin— dependent scattering (or 
backscatt e rin g reflection ) at the int e rfac e of th e boundary between base 22 and the-collector 
23 to lose e nergy to become 23, resulting in a flow of base current Ib. 

Th e curr e nt transmission factor of an e l e ctric curr e nt flowin g Thus, the 

current transfer ratio of the current that flows from the emitter to the collector is largely 
diff e r e nt greatly differs depending on the relative dir e ctions of magnetization configuration 
of the first ferromagnetic barrier layer 2 of the-emitter 22 and the second ferromagnetic 
barrier layer 6 of-the collector 23. In other words, the current amplification facto r gain of 
the-collector current by^fe edue to base current is larg e ly diff e rent greatly differs . 

FIGS. 3(A) and 3(B) ar e diagrams showing a static charact e ristic in the 

base ground Fig. 3 shows the static characteristics of the spin ^filter transistor according to 
thi sof the present embodiment in which th e a common-base configuration. The horizontal 
axis indicat e s shows collector— base voltage V C b in the upper- right direction in the 
drawin g portion and emitter— base voltage V E b «*to the left dir e ction th e r e in and th e . The 
vertical axis indicate s shows emitter current Ie, the b ase current Ib, and collector current Ic? 
in which FIG. 3(A) shows a static characteristic of the case that the directions o f . Fig. 3 
(A) shows the static characteristics in a case where the magnetization configurations of the 
ferromagnetic barrier layers of the emitter and the collector are parallel and FIG. 3(B) 
shows a static characteristic of the case that they are anti parallel. In FIGS . Fig. 3 (B) 
shows the static characteristics when the magnetization configurations are antiparallel. In 
both Fig . 3 (A) and ^(B), a i s a curr e nt transmission factor, ft is a curr e nt amplification 
feete ra indicates the current transfer ratio, (3 indicates the current gain , and the subscripts 
$$$X and 44lT indicate the cas e that the parallel and antiparallel relative directions of 
magnetization configuration, respectively, of the ferromagnetic barrier layers of the emitter 
and the-collecto r ar e parall e l and the cas e that th e y ar e anti parall e l. . 

As shown in FIGFig. 3 (A), when the directions of magnetization 
configurations of the emitter and the collector are parallel, most of the emitter current Ie can 
be serve as the collector current I c . As shown in FIGFig. 3 (B), when the directions of 
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magn e tization ar e anti parall e l magnetization configurations are antiparallel most of the 
emitter current I E can b eserve as the base current Ir. Like a As in the known hot electron 
transistors or bipolar transistor, th e transistor according to thi s e mbodim e nt can 
eentre kransistors, the collector current Ic can be controlled by the base current Ib - It can 
control th e current amplification factor according to in the transistor of the present 
embodiment. In addition, the current gain can be controlled by the relative directions of 
magnetization configuration of the first and second ferromagnetic barrier layers. 

As th e The ferromagnetic barrier layer of the spin ^filter transistor according to 
this of the present embodiment ? may comprise a ferromagnetic semiconductor^ such as EuS, 
EuSe, and EuO can be used. A o r EuO, for example. It may also comprise a ferromagnetic 
insulator such as RaFesOn ( where R e xpr e ss e si g a rare— earth element) can b e also u s ed. 
As a . The nonmagnetic electrode layerr- a may comprise any material as long as it is 
nonmagnetic substanc e may be used. For instanc e , a m e tal . Examples include metals, such 
as Al erand Au, ep-aand nonmagnetic semiconducto r semiconductors, such as Si or GaAs 
which is impurit y and GaAS, that have been doped with ahigh density may b e used. Wh e n 
EuS is used as a concentration of impurity. When, for example, the ferromagnetic barrier 
layer and Al is used as a comprises EuS and the nonmagnetic electrode laye r comprises Al , 
the barrier height ©G^<]>cis 1.4eV and the spin -split width A=A is 0.36eV. The spin I filter 
transistor according to this of the present embodiment can be manufactur e d using th e abov e 
mat e rial p roduced by a known method, such as molecular beam e pitaxial growth 
method epitaxy , vacuum deposition method an d evaporation, or sputtering method , using the 
above-described materials . 

-AIn the following, a nonvolatile memory usin gc omprising the spin -filter 
transistor of the present invention as a memory cell will be described. 

FIG. 4 (A) is a diagram showing a structural F ig. 4 (A) shows an example of a 
memory cell using the employing a spin ^filter transistor 1 according to this of the present 
embodiment. In the memory cell shown in FI GFig . 4 (A), a number of spin ^filter 
transistors are arranged ina matrix, with the emitter terminals E is-grounded to conn e ct and 
the collector terminals C and base terminal B to r e ad bit line BL and read word line WL. A 
rewrit e word lin e and a rewrite bit lin e are arrang e d to cross each other on the base 
terminals B connected to a bitline BL for sensing and a wordline WL for sensing, 
respectively. A wordline for writing intersects a bitline for writing above the spin ^filter 
transistors-in such theat state of bein g these lines are electrically insulated from other wires. 
As th e r e writ e word line and th e r e writ e bit line, the r e ad bit line BL and the r e ad word line 
WL may be u se d. FIG. 4 (A) is a diagram s howing a c e ll structur e of this cas e . In FIG The 
wordline for writing and the bitline for writing may be combined with the aforementioned 
bitline BL for sensing and wordline WL for sensing, as shown in Fig. 4 (A). In the case of 
Fig . 4 (A), thea memory cell can be constitut e d formed by th ea single spin filt e r transistor 
alon e and can hav e a v e ry simplifi e d structur e for wiring. A -filter transistor, and also a 
simple wiring arrangement can be adopted. Thus, the present memory cell arrangement 
makes it possible to easily configure a layout suitable for high z density integration-ean-be 
easily constitut e d. Th e sam e c e ll structur e is us e d in FIG. 4 (B) . The example shown in Fig. 
4 (B) also adopts a similar cell arrangement . 
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- A With reference to Fig. 4(B). a memory circuit according to thi sthe present 
embodiment will be described with reference to FIG. 4 (B) . In a memory circuit 41 
according to this of the present embodiment, thea second nonmagnetic electrode 4-as4 1 
which is the base of the spin ^filter transistor 1 (FI QFig . l) a is connected to a word line 4 2, 
th ewordline 42; a third nonmagnetic electrode 7-as7, which is the collector electrode of the 
spin ^filter transistor 4-1* is connected to a bit line 43, b itline 43; the bit lin e bitline 43 is 
connected via a load (R fc)-44 to a power seuree supply (V C c) 4 M5 via a load (R L ) 44; and 
thea first nonmagnetic electrode 3-as3, which is the emitter electrode of the spin r filter 
transistor 1 is ground e d. A l, is connected to ground. Although a pure resistance is used as 
the loadrA a in the illustrated example, an active load by-th econsisting of a transistor may 
be used. 

To r e ad stor e d When sensing information e fstored in a specifiedc memory cell, the 
specifi e d word lin e a specific wordline 42 is selected to apply and a bias b e tw ee n is applied 
across the emitte r and the base, the sourco -base junction, and a power supply voltage Vcc 
e ffrom the power sewee supplv 45 is applied to the bitline 43 via the load resistance 44-te 
th e bit lin e 4 3, 4 4. Then, the stored information is read according to sensed using the 
magnitude of an output voltage Vo app e aring on that appears at the bit-4m ebitline 43 .--fe 
FIG. 4 (C), the The vertical axis indicates of Fig. 4 (Q shows collector current IcT-^-JThe 
horizontal axis indicates shows collector— emitter voltage Vce > and an Ig - Vqs characteristic . 
The graph thus shows the Ir -Vr g characteristics of the spin r filter transistor and a load 
straight line 46 feyof the load resistance 44 ar e shown in the same drawing chart . 

The output voltage Vo is determined fremby the crossing 
pein tintersection of these characteristics. Output voltages in whic h Specifically, the output 
signals in the mutua lcases where the magnetization states o f configuration between the first 
and second ferromagnetic barrier layers 2 and 6 areis parallel and anti parallel are 
Van antiparallel would be Vn^ and V 0 44it> as shown in Fj GFig . 4 (C). The absolute values 
of the-Votttt and Vo44*i and the ratio of the-Vo$$n and Vo-Un can be optimized by 
th emeans of circuit parameters (R L and Vcc).^Th e Thus, using the nonvolatile memory 
device according to this of the present embodiment can obtain^ output signals having a 
nec es sary magnitude and the of required magnitudes and a required ratio of output signals 
can be obtained without adjusting the structure of the d e vice its e lf unlik e the elements 
themselves, as in a MTJ. 

The spin z filter effect usad-H Butilized by the transistor according to this 
e mbodim e nt is an e ffect using th e spin split of the band s of th e f e rromagnetic s ub s tances 
and has a spin s e lectivity high e r of the present embodiment is provided by the spin band 
splitting of the ferromagnet, such that a higher spin selectivity can be obtained than tha^efis 
possible with the TMR effect of the-MTJ. When the base width is set belew to be no more 
than the mean free path of the spin-^polarized hot carriers^and , the current transfer ratio a 
(defined as being equal to I p/I r) can be 0.5 or more when the relative magnetization 
stat econfi guration between the first and second ferromagnetic barrier layers is parallel 
magn e tization, the current transmission factor a (defin e d by = Ic ^b ) can be 0.5 or above. 
Wh e n it is anti p arallel . However, when the relative magnetization configuration is 
antiparallel , the current transmission factor is vor y transfer ratio is extremely small.-Tbe 
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Thus, the change in the current transmission factor in th e cas e o ft ransfer ratio between 
parallel magnetization and anti parallel antiparallel magnetization is fethe reven more 
amplifie d see n from th e in terms of current amplification factor [3 gain p (defined by-=as 
being equal to Ie /4r ). The above periph e ral circuits optimize d ). By optimizing the output 
signal using the above-described peripheral circuitry with reference to the output 
characteristics of the spin ^filter transistor which is largely diff e r e nt in that vary greatly 
depending on the magnetization stat e , Th e configuration, output signals of desired absolute 
values of output signals and their desired ratio of output signals can be easily obtained. 

- AHereafter a nonvolatile memory circuit using th e transistor having an output 
charact e ristic d e p e nding utilizing a transistor (to be hereafter referred to as a "spin 
transistor") with output characteristics that depend on the spin direction of the s pin of 
carriers (h e r e inaft e r, call e d a "spin transistor") will b eig described. 

The memory circuit according to of the present invention relates to a 
nonvolatile memory circuit using the utilizing a spin transistor.-Th e A spin transistor 
includes f e rromagn e tic sub s tanc es a ferromagnet such as a ferromagnetic metal andor a 
ferromagnetic semiconducto r and controls the . The output characteristics are changed by 
controlling the spin direction of the spin of carriers according to depending on the 
magnetization state to change th e output charact e ristic. configuration of the ferromagnet. 
Information is stored bas e d on th e magn e tization stat e of th e f e rromagn e tic substanc e s in 
th e spin transistor. Th e output charact e ristic of th e transistor r e fl e cting th e magn e tization 
stat e in th e spin transistor is us e d to r e ad th e information. A on e in terms of the 
magnetization configuration of the ferromagnet inside the spin transistor, and the stored 
information is sensed using the output characteristics of the transistor that reflect the 
magnetization configuration inside the spin transistor. Using the spin transistor, a 1-b it 
nonvolatile memory cell can be constituted by one configured with a single spin transistor. 
Th e values Furthermore, the value of the output signals signal corresponding to the stored 
information can be optimized by the-peripheral circuitsry connected to the memory cell. 

In gr e at e r detail Specifically , the spin transistor ha scomprises at least one 
ferromagnetic each of a ferromagnet layer (free layer) capable of independently controlling 
the direction o fr elative magnetization b yconfiguration using a magnetic field and at least 
one ferromagn e tic o r the like, and a ferromagnet layer (pin layer) in which th e dir e ction of 
magn e tization is fix e d with a fixed relative magnetization configuration or having a larger 
coercivity-tegef than that of the free laye r and is a transistor capabl e of controlling the 
output charact e ristic . The output characteristics of the transistor according to can be 
controlled by the relative dir e ctions of magnetization configuration of the free layer and the 
pin laye r even under the same bias . The dir e ction o f condition. By changing the relative 
magnetization configuration of the free layer is changed b y using a magnetic field . The 
r e lativ e magn e tization stat e s , for example, the relative magnetization configuration of the 
free layer and the pin layer can be two stat e s of parall e l magn e tization and anti parallel 
magn e tization. — The — twe — magnetization — stat e s — correspond — te rendered into two 
configurations, namely, parallel or antiparallel. These two magnetization configurations are 
associated with binary stored information. 

-The ln the spin transisto r can obtain th e output charact e ristic according to th e 
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magn e tization state in the transistor , based on a conductiveon phenomenon change d that 
varies depending on the spin direction of the spin of carriors carrier, such as spin- 
dependent scattering, tunneling magnetoresistance effect, andor spin ^filter effect s output 
characteristics corresponding to the internal magnetization configuration of the transistor 
can be obtained. The spin transistor ha scomprises a first electrode structure for injecting 
spin-^polarized carriers, a second electrode structure for receiving the spin—polarized 
carriers, and a third electrode structure for controlling the ameuf rtquantitv of the-spin— 
polarized carriers conducted that are transported from the first electrode structure to the 
second electrode structure. 

The spin transistor is operat e d bas e d transistors operate on the same 
op e rating principl e as a typical transistor other than th e conductive phenomenon dep e nding 
on th e spin. Th e spin transistor can b e classified as ap rinciple as that of the conventional 
transistors with the exception of the involvement of the spin-dependent conduction 
phenomenon. Thus, the spin transistors can be classified into current— driven type 
transisto r transistors such as-a bipolar transistor or a transistors, and voltage— driven type 
transi s to r transistors such as an e l e ctric field ^effect transistor transistors. In terms of the 
current— driven4ype transistor, the first electrode structure corresponds to aathe emitter, the 
second electrode structure corresponds to athe collector, and the third electrode structure 
corresponds to athe base. Th e spin The spin- filter transistor described m-fei swith reference 
to the present embodiment is classifi e d as th ea current— driven typer transistor. In terms of 
the voltage driv e n type driven transistor, the first electrode structure corresponds to the 
source, the second electrode structure corresponds to the drain, and the third electrode 
structure corresponds to the gate. The output current in the spin transistor (collector current 
or drain current) in th e spin transistor is changed according to the magnetization s tat e of the 
f e rromagn e tic substanc e s includ e d in th e spin tran s isto r changes depending on the 
magnetization configuration of the ferromagnet contained in the spin transistor even under 
the same bias condition . 

The details of the spin transistor will be described later. Typical In the 
following, the general output characteristics of a^spin transistors and a nonvolatile memory 
using the spin transistors will be described. A magnetic field is applied employing a spin 
transistor will be described. It is assumed in the following that the relative magnetization 
configuration between the free layer and the pin layer can be rendered parallel or 
antiparallel by applying a magnetic field to the free layer in the spin transisto r to make it 
possible to realize parall e l magn e tization or anti parallel magnetization of the relative 
magnetization stat e of th e fr ee lay e r and the pin layer. Th e magn e tization stat e can stably 
exis t. It is also assumed that the magnetization configuration can exist stably unless a 
magnetic field abeve exceeding the coercivity of the free layer is applied. 

-HGFig. 5 (A) schematically shows an example of on output characteristic of the 
curr e nt driv e n typ o spin tran s i s tor. — Lik e a typical current driv e n type the output 
characteristics of a current-driven spin transistor. As in a conventional current-driven 
transistor, although the collector current Ic can be controlled according to by the magnitude 
of the base current I B . Th e magnitude of the collector current depends on the magnetization 
stat e of th e f e rromagn e tic sub s tanc e includ e d in th e spin transistor. In FIG. 5(A), when 
applyin g , it is also dependent on the magnetization configuration of the ferromagnet 
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contained in the spin transistor. In the example of Fig. 5 (A), even when the bias applied to 
the spin transistor is the same bias to th e spin transistor (I B = I B i), the collector current I C tr 
is larg e in in the case of parallel magnetization an dis large, whereas the collector current 
In it .in the case of antiparallel magnetization is small in anti parallel magn e tization , 

-HGFig. 5 (B) schematically shows an example of anthe output characteristics of 
thea voltage-^driven type spin transistor. Like a As in a conventional field—effect 
transistor^ such as a typical MOS transistor, when athe gate- source voltage (V G s) is smaller 
thanjhe threshold value V T (V G s < V T ), the spin transistor is in th e non conductiv o an off 
state and a drain curr e nt is hardly produc e d. When applying th e Vqs abov e th e V^, th e spin 
transistor is broiight to the conductive stat e . Under the same bias (Vqs-^-Yg^), when the 
f e rromagn e tic substanc e includ e d in th e spin transistor has w here hardly any drain current 
flows. Although the spin transistor conducts when a VV g exceeding Vt is applied, the drain 
current value differs depending on whether the ferromagnets contained in the spin transistor 
have parallel magnetization or anti parallel magnetization, a drain current value is 
diff e r e nt. In FIG. 3(B), in antiparallel magnetization, even under the same bias condition 
(Vr,s= Vr,si). In the case that it has parall e l magn e tization of Fig. 3 (B) , the drain current 
Idtt i s larg e , and in th e cas e that it has anti parallel magnetization j arger for parallel 
magnetization whereas the drain current I-©Idit is small for antiparallel magnetization . 

-The Thus, the spin transisto r, whether it is current-driven or voltage-driven, can 
electrically detect the magnitude of the relative dir e ctions of magnetization configuration of 
the free layer and the pin layer includ e d in the devic e s of the current driv e n type and the 
voltage driv e n type based on contained in the device using the magnitude of the collector 
current or the drain current. As d e scribed mentioned above, the ferromagn e tic substanc e s 
can stably hold th e dir e ction of magnetization r elative magnetization configuration in the 
ferromagnet can exist stably unless a magnetic field abeveexceeding the coercivity of the 
free layer from outside is externally applied.-? ^ Thus, the spin transistor can storeH** 
nonvolatil e mann e r, binary information by allowin g in a nonvolatile manner by rendering 
the relative magnetization stat econfiguration of the free layer and the pin layer 
includ e d contained in the device to b e parall e l magnetization or anti parall e l magnetization. 
A-ene -parallel or antiparallel. Therefore, using the spin transistor, a 1-b it nonvolatile 
memory cell can be constfitgutred only by one with a single spin transistor. 

Talcing th e case of using th e voltag e driven typ e s pin transistors as an 

e xampl e ln the following , a nonvolatile memory using th e spin transistors employing a 
voltage-driven spin transistor will be described below in detail. A nonvolatile memory 
using the current driv e n typ e spin transistors as memory c e lls can b e constitut e d in the 
sam e mann e r . The same configuration can be adopted where a current-driven type spin 
transistor is used in a memory cell . 

FIG 6(A) is a diagram showing a structural F ig. 6 (A) shows an example of 
m e mory c e lls using s pin transistors. FIG 6(B) is a diagram snowing a s tructural the memory 
cell using the spin transistor. Fig. 6 (B) shows an example of a memory circuit form e d 
bas e d on the memory cells. The r e lation of FIGS. 6(A) and 6 configured with the memory 
cell. The relationship between Fig. 6 (A) and Fig. 6 (B) is the same as that of FIGS between 
Fig . 4 (A) and Fig. 4 (B). In the memory ee ttcircuit shown in FiGFig. 6 (A), a number of 
spin transistors 150 are arra yng ed in _a matrix, and source with the sources S is-grounded te 
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conn e ct drain D and gat e G to r e ad bit lin e BL and r e ad word lin e WL, r e sp e ctively. A 
rewrite word line and a rewrite bit line and the drains D and the gates G connected to a 
bitline BL for sensing and a wordline WL for sensing, respectively. A wordline for writing 
and a bitline for writing are arranged to cross e ach oth e r on intersect one another above the 
spin transistors 150 in th e stat e of bein g a manner electrically insulated from other wires.-As 
the rewrite word line and the rewrite bit line, the read bit lino BL and the road word lino WL 
may b e us e d. FIGS. 6(A) and 6(B) ar e diagram s showing the structur e of thi s case. In FIGS. 
6(A) and 6(B), th e m e mory c e ll can b e constitut e d by on e The wordline for writing and the 
bitline for writing may be combined with the aforementioned bitline BL for sensing and the 
wordline WL for sensing, as shown in Fig. 6 (A) and (B). In the case of Fig. 6 (A) and (B), 
a memory cell can be configured with a single spin transisto r and can have , and also a very 
s implifi e d structure fo r simple wirin g arrangement can be adopted . 

In particular J Particularly in the case of a voltage— driven typ e spin transistor 
having a form , which has a similar form to that of a MOS transistor, th e source is shared 
b e twe e n adjac e nt m e mory cells. A a layout suitable for microfabrication can be easily 
constituted obtained by, for example, causing adjacent memory cells to use the source in 
common . 

The rewrite/read bit line and rewrite/read word line are simply called bit 

lin e BL and word lin e The aforementioned writing/sensing bitlines and writing/sensing 
wordlines will be hereafter referred to simply as a bitline BL and a wordline WL a 
respectively . 

Information is r e writt e n by flowing electric curr e nts to the bit line BL and 

th e word lin e WL crossing on the lnformation can be written over by causing a current to 
flow through the bitline BL and the wordline WL that intersect over a selected memory cell 
to inv e rt and then inverting the free layer of the selected memory cell bywith a 
synth e size d composed magnetic field induced by the el e ctric currents flowing to current 
through the respective wire lines. In this case, in order that-th enot to allow non— selected 
cells connected to the same bit lin e b itline BL or word lin e wordline WL as those of the 
selected cell is-^et to be inverted by magnetization inv e rt e d, current values flowing to th e 
respective wir e s ar e s e t so , a current value that is caused to flow in each line is set in 
advance such that no magnetization inversion doe s not occur in the is caused by a magnetic 
field fre memitted by one of the wifeslines. 

In r e adin g When sensing information, a voltage is applied to the word lin e w ordline 
WL connected to the of a selected cell so as to cause the spin transistor to conduct the spin 
transistor , and then a voltage is applied to the bk-Un ebitline BL to detect the magnitude of 
athe drain current. Based on the magnitude of the drain current, the relative magnetization 
stat econfiguration of the free layer and the pin layer can be detected.-HG 

Fig . 6 (B) is a m e mory circuit connect e d to output terminal V q and source voltage 
Vop branch e d shows the memory circuit shown in Fig. 6 (A), to a bitline end of which an 
output terminal V o is connected, with a branch from the output terminal Vo via a load to 
th e bit lin e end of th e m e mory circuit shown in FIG. 6(A). FIG. 6(C) shows a static 
charact e ristic connected to a power supply voltage V n n via a load. Fig. 6 (Q shows the 
static characteristics and operating points of the memory cell shown in JH GFig . 6 (B).-MeFej 
Although an active load 160 by a d e pr e ssion consisting of a depletion- type MOS transistor 
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is used as the loadr- A in this example, pure resistance may be used, as shown in FIG. 4 (B), 
As shown in FIG. 6(C), Fig. 4 (B). Referring to Fig. 6 (C), when sensing information, a 
gate voltage V G s is applied to the gate of thea spin transistor 150 at r e ading information to 
apply th e sourc e voltag e Vod via th e load to th e bit lin e BL. Th e op e rating points by th e 
active load ar e mov e d on the load curv e in FIG. 6(C) according to th e magn e tization state 
e fand a power supply voltage Vnn is applied to the bitline BL via a load. This causes the 
operating point due to the active load to move along the load curve shown in Fig. 6 (C) 
(between Pll and PI 2) depending on the magnetization configuration between the pin layer 
and the free laye r (Pll and P12 in th e drawing). Th e output signals Vq in parallel 
magnetization and anti parall e l magnetization are Vq £ £ and W al t in the drawing. . As a 
result, the output signal Vo would be Vo^ or V oj ^for the parallel or antiparallel 
magnetization, respectively. The absolute values mdof the ratio of (V on^o U) of th e 
respective output signals and their ratio (Vo^ /Voif) can be optimized bv- ausing the 
transistor characteristics of the active load andor the parameters of fee— peripheral 
circuits circuitry, such as Vnn. For instanc e , the cross point For example, by optimizing the 
intersection of the static characteristics of the spin transistor and the load curve byof the 
active load is optimiz e d. When drain current ratio Iq £e#q U is small , a large output signal 
ratio can be obtained . When th e values of Iq $$ and Ioil ore vari e d by th e m e mory c e ll and 
even when the drain current ratio Jn ^J Injj; is small. Further, even if there are variations in 
the values of I o ^ and Io^ among memory cells, the fluctuation in the output voltage can be 
almost eliminated as long as the saturation current of the active load is larger than I 0 44H*nd 
is ^ and smaller than Ip ffi th e output voltag e can b e hardly chang e d. Since ^. Because no 
sense amp-4s amplifiers are used for feadmgsensing information, ajiig h speed r e ading is 
pos s ible. Th e -speed sensing can be performed. Thus, the memory circuit of ihis the present 
embodiment has th e advantag e s that an output signal havin g is advantageous in that output 
signals of a desired magnitude can be easily obtained and in that ajiigh— speed read is 
possible. sensing can be performed. 

In the conventional memory cell usin gutilizing the prior art MTJ and 
MOS transistor, o n transistors, output voltages according to produced by the resistance of 
thea MTJ is-feadare sensed by a sense amp. Th e amplifier. In this case, however, because 
the output voltage is determined by athe value of the current value flowing to through the 
MTJ and aathe impedance of the MTJ (junction resistance)-^ the MTJ. Th e output voltage 
ratio cannot be freely adjusted by the-peripheral circuitsry. 

-The ln the following, the structure of a spin transistor applicabl e to that can be used 
in the nonvolatile memory circuit according to this of the present embodiment will be 
described with reference to the drawings . FM is an abbr e viation of a , using abbreviations 
FM for ferromagnetic metal, FS i s an abbreviation of an for electrically conductive 
ferromagnetic semiconductor, IFS is an abbreviation of an for insulating ferromagnetic 
semiconductor, and NM is an abbreviation of fer a nonmagnetic substanc e . An material. In 
particular, an "N M metal d e not e s " designates a nonmagnetic metal, and an "NM 
semiconducto r d e notes " designates a nonmagnetic semiconductor.-The First, a group of 
spin transistors of the current— driven type spin transistors will be described. 

4^Fig. 7 i sshows an energy band diagram of a hot z electron transistor type spin 
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transistor. A spin transistor 200 ha scomprises an emitter 201 and a base 205 mad e o ft hat 
are formed by FM or FS. In greater detail Specifically , the spin transistor 200 has 
th ecomprises emitter 201 made o f formed by FM (or FS)r-an; emitter barrier 203 made 
e fformed by NIVMhe; base 205 made of FM (or FS), a formed by FM (or FS); collector 
barrier 207 made o f formed by NM ? ; and-a collector 211 made o f formed by NM. As tho 
NM ? may be either a nonmagnetic metal or a nonmagnetic semiconducto r can b e us e d . 

In the spin transistor 200 shown in FiGFig. 7, spin-^polarized hot carriers 
are tunnel z injected from the emitter 201 to the base 205 via the emitter barrier 203 to th e 
bas e 205. 203. When the emitter 201 and the base 205 hav epossess parallel magnetization, 
the injected spin— polarized hot carriers-are hardly subject to experience spin— dependent 
scattering l awithin the base 205. Wh e n a Thus, by setting the base width is s e t so such that 
the spin polarized hot carriers can b e ballistically transmitted pass through the base 205^ 
they cross ove r 205 ballisticallv, the carriers can be transported beyond the collector barrier 
207 to the collector 211. The same This is a transistor operation as similar to that of a 
typiea lconventional hot electron transisto r is performed . 

-Whe nOn the other hand, when the emitter 201 and the base 205 hav e anti 
paraHe lpossess antiparallel magnetization, the spin— polarized hot carriers injected from the 
emitter 201 iateto the base 205 lose energy b ydue to the spin— dependent scattering 
i nwithin the base 205 to b e a bas e current without crossing ove r and are therefore unable to 
overcome the collector barrier 207. Wh e n 207, resulting in a base current. Namely, when 
the emitter 201 and the base 205 have anti parall e l magn e tization, th e current transmission 
factor is lower than the case that both have parall e l magn e tization. Wh e n applying the same 
bia spossess antiparallel magnetization, the current transfer ratio drops as compared with the 
case of parallel magnetization. Therefore, even if the same bias is applied to the spin 
transistor 200, the current transfer ratio or current gain varies depending on the difference 
in the relative magnetization state o f configuration between the emitter 201 and the base 20£ 
mak e s the curr e nt transmission factor or th e curr e nt amplification factor diff e r e nt. 205. The 
spin transistor 200 can be operated at room temperature by su&abl yappropriately selecting 
the collector b arrier height of th e coll e ctor barrier. — Th e spin transi s tor 200 must have a 
large base width , for example. 

In the spin transistor 200, if the ratio of the current transfer ratio in the case where 
the emitter-base junction has parallel magnetization and that in the case where the junction 
has antiparallel magnetization is to be increased, the base width must be sufficiently large 
so that the spin— dependent scattering can effectively function to increase the ratio of tho 
current transmission factors in th e cas e that th e emitter and th e base hav e parallel 
magn e tization and th e cas e that th e y hav e anti parall e l magn e tization. Wh e n th e bas e width 
is incr e ased and th e e mitt e r and the bas e hav e parall e l magn e tization, th e current 
transmission factor is smaller and is b e low 0.5 so that a trade off in which tho . However, 
when the base width is increased, the current transfer ratio becomes smaller even when the 
emitter-base junction has parallel magnetization, dropping below 0.5, for example. Thus, 
there is a tradeoff between an increase in the base width and a decrease in amplification 
function is lost e xists . 

-FiGFig. 8 is shows an energy band diagram of a hot electron transistor type spin 
transistor using th e rmal r e leas e as a spin inj e ction in which thermionic emission is utilized 
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as a mechanism te- afor injecting spin polarized carriers to the base. As shown in KEGFig. 8, 
a spin transistor 220 has comprises an emitter 221 made o f formed by FM (or FS)^ a base 
225 mad e o f formed by FM (or FS)^ and an emitter barrier 223 mad e of NM provid e d 
betw e en both. It furth e r has a coll e ctor barri e r 227 of NM, and a coll e ctor 231 of 
N Mdisposed between the emitter and the base and formed by NM. Furthermore, on the 
opposite side efto the junction efbetween the base 225 and the emitter barrier 223. A 
nonmagnetic semiconductor can b e us e d for the 223, there is provided a collector barrier 
227 formed by NM and a collector 231 formed by NM. The emitter barrier 223 and the 
collector barrier 22^ A227 may be formed by a nonmagnetic semiconductor. The collector 
231 may be formed by a nonmagnetic semiconductor or a nonmagnetic metal can be used 
for th e collector 23 1 . . 

-A nBetween the emitter 221 and the emitter barrier 223, an ohmic contact or a 
tunnel contact is formed b e tw ee n . Between the e mitt e r 221 base 225 and the emitter barrier 
223. A junction is formed between the base 225 and the emitter barri e r 223 o r 223, and 
between the base 225 and the collector barrier 227 s o as to hav o 227, a junction exhibiting a 
band discontinuity as shown in FIG. 9. The Fig. 9 is formed. This band discontinuity can be 
realized by a Schottky junction between the-NM semiconductor and FM-an d, or by a 
heterojunction between the-NM semiconductor and FS. Alternatively, a Schottky junction 
i smay be formed efbetween FS and FM, aand the resultant Schottky barrier produc e d in 
this cas e is an m ay be used as the emitter barrier, with FS is an e mitt e r, and FM is 
a functioning as emitter and base , respectively . 

The spin-polarized carriers diffused from the emitter 221 to the emitter 
barrier 223 by applyin gt hrough the application of a bias to the base 225 with respect to the 
emitter 221 are injected to the base 225 as hot carriers into the base 225 by thermal 
reiease rby thermionic emission. When the emitter 221 and the base 225 have possess 
parallel magnetization, the spin—polarize d hot carriers injected into the base 225 can reach 
the collector without being subject to spin d e p e ndent s cattering. When subiected to spin- 
dependent scattering. However, when the emitter 221 and the base 225 have anti 
paraHe tpossess antiparallel magnetization, the spin-polarized hot carriers b e com eare 
rendered into a base current by spin— dependent scattering . The spin . In this transistor 220 
use stoo, because it utilizes spin— dependent scattering in the base . Lik e the , there is a 
tradeoff, as in the above-described spin transistor 200, a trade off r e lation exists between 
the ratio of the current transmis s ion factors transfer ratio in the case of parallel 
magnetization and anti parallel that in the case of antiparallel magnetization^ and the current 
transmission factor in transfer ratio in the case of parallel magnetization.-A s The transistor 
220, however, is advantageous as compared with the spin transistor 200 using 200, which 
utilizes tunnel injection, th e r e ar e charactoristics in that a larger current driving force can be 
teree obtained and in that a room- temperature operation can be easily realized. 

-H GFig . 9 isshows an energy band diagram of a hot electron transistor type spin 
transistor usm gutilizing the spin r filter effect. Although the transistor ishas already been 
described in detail, its characteristics will be briefly described. A spin transistor 240 shown 
in Ft GFig . 9 has comprises an emitter barrier 243 and a collector barrier 247 made o ft hat are 
formed by IFS. From Via an emitter 2 4 1 mad e o f 241, which is formed by an NM 
semiconductor (or an NM metal), efttythe carriers having one of spins by th e spin filter 
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effect of th e emitt e r barrier 2 4 3 with one spin can be selectively injected into athe base 24$ 
made o f 245, which is formed by an NM semiconductor (or anNM metalV-Th e, through the 
spin-filter effect provided by the emitter barrier 243. When the base width is set bele wto be 
not greater than the mean free path of the spin-^polarized hot carriers^ Tthe spin— polarized 
hot carriers injected into the base 245 are transported to the base 245 ballisticall y conduct e d 
through the base 2 4 5. At . In this tim ecase , the spin transistor 240 is biased sesuch that the 
spin-zpolarized hot carriers are injected into the energy -split width ef4h ebetween an up z 
spin band of th e coll e ctor barri e r 2 4 7 (th e(a spin band edge indicat e d designated by the 
upward arrow in FIGFig. 9) and thea down -spin band (tfeea spin band edge 
indicated d esignated by the downward arrow in FIGFig. 9). When the emitter barrier 243 
and the collector barrier 247 have parallel magnetization, the spin— polarized hot carriers 
injected into the base 245 cross can ove rcome the barrier byof the spin band having a lowo f 
lower energy in the collector barrier 247 b ythrough the spin ^filter effect of the collector 
barrier 34 7247, and can be propagated therefore propagate to a collector 251 o f 251, which 
is formed by an NM semiconductor (or anNM metaD.-Whe n On the other hand, when the 
emitter barrier 243 and the collector barrier 247 have anti parall e l antiparallel 
magnetization, most of the spin-^polarized hot carriers becom e a bas e curr e nt without 
crossing ove r cannot overcome the collector barrier 247 by the spin filter effect of the 
collector barri e r 2 4 7. b ecause of the spin-filter effect of the collector barrier 247, resulting in 
a base current. 

- feThus, in the spin transistor 240, the current transmission facto r transfer ratio (or 
the current amplification factor) is different according to gain) differs depending on the 
relative dir e ctions of magnetizatio n configuration of the emitter barrier 243 and the 
collector barrier 247.-¥he Because the spin -filter effect has provides a very tegehigh spin z 
selectivit y. Th e ratio of th e curr e nt transmission factors in , the ratio of current transfer ratio 
in the case of parallel magnetization and anti parallel that in the case of antiparallel 
magnetization can be increased in the transi s tor . 

Th e spin transi s tor 2 4 0 can suffici e ntly decr e as e the bas e width. 

tMike Furthermore, in the spin transistor using spin 240, the base width can be made 
sufficiently small. Therefore, in contrast to the spin transistor that utilizes spin- dependent 
scatterin g, as in the cases shown in FIGS. 7 and 8, there is th e advantag e that a trad e off 
r e lated to th e bas e width F igs. 7 and 8, the spin transistor 240 is advantageous in that there 
is no tradeoff between the current amplification factor gain relating to the base width and 
the spin selectivit y does not exist . 

-FIGFig. 10 isshows an energy band diagram of a tunnel base transistor type spin 
transistor. As shown in FIGFig. 10, in-a tunnel base transistor type spin transistor 260, a p 
typ e (or n typ e ) FS is us e d fo r 260 comprises an emitter 261 and a collector 265 and an n 
type (or p typo) NM s e miconductor is us e d for a tunnel base 263. It is pr e f e rabl e to use that 
are formed by a p-tvpe (or an n-type) FS, and a tunnel base 263, which is formed by an n- 
type (or a p-type) NM semiconductor. In the emitter-base junction and in the base-collector 
junction, a heterojunction of type II is preferably used so that the base 263 isbecomes a 
barrier to the holes (or electrons) b e tw ee n the e mitter and tho bas e and b e twe e n the baso 
and th e collector . The base width is smaller so as to produc e a tunnel reduced sufficiently 
that a tunneling current from the emitter to the collecto r is produced . 
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In the structure shown in HG Fig . 10, when the emitter 261 and the 
collector 265 have parallel magnetization, the carriers having a number of spins of w ith the 
majority spin in the emitter can be easily tunn e l e d transported to the collector 265 
aa dthrough tunneling, namely, the tunnel conductance is large.-Whe n However, when the 
emitter 261 and the collector 265 have anti parall e l antiparallel magnetization, the tunnel 
conductance is smaHreduced by the tunneling magnetoresistance (TMR) effect-4TMR 
e ff e ct). Th e . Thus, the magnitude of the collector current can be controlled according to by 
the relative magnetization stat e o f configuration between the emitter 261 and the collector 
265. 

When lf the TMR ratio in the spin transistor 260 can be tegeincreased, the change 
in the— collector current d e p e ndin g that depends on the magnetization state — ef 
th econfiguration between emitter and the-collector can be increased. To effectively exhibit 
In order to allow the TMR effect bvto be effectively exhibited in the spin transistor 260, 
pr e ferably, a depression layer is not expanded to it is preferable to prevent the depletion 
layer from expanding towards the collector side-whe n applying a reverse bias te is applied 
across the base- z collector junction. When the depression It is noted, however, that if the 
depletion layer is expanded te towards the base side, th e possibility that , a problem aris e s in 
the saturation characteristic o f could possibly arise in the collector current exist ssaturation 
characteristics . 

When the base layer i s dop e d with high d e nsity so as not to expand the 
d e pr e ssion layer to th e base layer in the spin transistor 260 and the d e pr e ssion layer ofi s 
heavily doped so as to prevent the spreading of the depletion layer and to cause the 
depletion layer in the base—collector junction i s e xpanded to spread towards the collector 
side, the TMR effect in the base cannot be expected-an d. However, the carriers injected 
into the collector produc e r e sistanc e b y are subjected to spin— dependent scattering in the 
collecto r. Using the spin resistance, resulting in increased resistance. By utilizing this 
spin- dependent scattering can chang e^ the magnitude of the collector current according 
t ecan be varied by the magnetization s tate of the emitter and th e coll e ctor. The change in 
r e sistanc e by the spin configuration in the emitter-collector junction. It is possible, 
however, that the effect is not so large as that obtained with the TMR effect because the 
resistance change through spin- dependent scattering is small A s compared with using the 
TMR effect, th e eff e ct may b e not high. 

-The Hereafter, a group of voltage—driven type-spin transistors will be described 
with reference to the drawings. 

-HGFig. 11 is a diagram showing the shows a cross s e ctional s tructure -section of a 
MOS transistor type spin transistor. As shown in HGFig. 11, athe MOS transistor type spin 
transistor 300 has a structur e in comprises an NM semiconductor 301 on which a source 
303 made o f formed by FM, a drain 305 made o f formed by FM, and a gate electrode 311 are 
formed, the gate electrode via a gate insulator film 307 are form e d on an NM 
se miconductor 301. insulating film 307. A Schottky junction of the-FM and an NM 
semiconductor is used for the source 303 and the drain 305. Oth e r structur e is The other 
structures are the same as that of a typical those of a conventional MOS transistor. 

Spin— polarized carriers injected from the source 303 into a channel 
formed directly below the gate insulatering film 307 inof the NM semiconductor 301 pass 
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through the channel to the drain 305 ( h e r e inafter, for simplificatio n hereafter , the influence 
of the Rashba effect b vdue to the gate electric field of the spins injected into the channel k 
negl e ct o d). will be ignored for simplicity). When the source 303 and the drain 305 have 
parallel magnetization, the spin— polarized carriers injected into the drain 305 are not 
subject to spin— dependent scattering. When they have anti parallel antiparallel 
magnetization , however , resistance by spin— dependent scattering is produced in the drain 
electrode 305. 

-fe Thus, in the transistor 300, the mutual conductance is diff e r e nt according 
t ediffers depending on the relative dir e ctions of magnetization e fconfiguration between the 
source and-the drain. 

FS can be also used for th oThe source 303 and the drain 305 to form mav be 
formed by FS, and a pn junction is formed between iteach and the semiconductor 301 to 
form a sourc e and a drain. 301 . 

-H GFig . 12 is a diagram showing the shows a cross s e ctional structure section of a 
modulation z doped transistor type spin transistor.- A The spin transistor 320 ha scomprises a 
source 323 mad e of FM (or FS) te-a in contact with the two-dimensional carriers gas 
produced at the int e rfac e o fb oundarv between a first NM semiconductor 321 and a second 
NM semiconductor 32 ^327; a drain 325 made o f formed by FM (or FS) ? i and a gate 
electrode 331. It is th e same as a typical modulation dop e transistor exc e pt The spin 
transistor 320 is identical to a conventional modulation-doped transistor with the exception 
that the source 323 and tbe-drain 325 are mad e of f e rromagnetic sub s tanc o s formed by a 
ferromagnet . 

Spin— polarized carriers are injected from the source 323 intetg a channel 
333 formed by the two- z dimensional carrier gas. The spin— polarized carriers which hav e 
reaehe dthat reach the drain 325 have different mutual conductance according to depending 
on the relative directions of magnetization configuration of the source 323 and the drain 
325 due to spin— dependent scattering in the drain 325. 

-H GFig . 13 is shows a cross sectional vi e w section of a MOS transistor type spin 
transistor using FS for a in which the channel regionr-A is formed by FS. The spin transistor 
340 shown in H GFig . 13 has a structure in comprises FS 341 on which a source 343 made 
e fformed by FM, a drain 345 made o f formed by NM (or FM or FS) a and a gate electrode 
351 via a gate insulatering film 347 are formed on an FS 3 4 1. Schottky junction of-fee 
FM and FS is used for th e s ourc e 3 4 3. Oth e r structure is the sam e as that of a typical in the 
source 343; except for that, the structure is identical to that of a conventional MOS 
transistor. 

Spin-^polarized carriers are teael-injected from the source 343 viainto 
the channel 341 by tunneling through the Schottky barrie r into th e chann e l 3 4 1. The . Based 
on the TMR effect and the spin-dependent scattering in the channel of FS341 during 
tunneling injection, a mutual conductance d e p e ndin g that depends on the relative dir e ctions 
ef-magnetization configuration of the source 343 and-the FS 341 is realized by the TMR 
e ff e ct at th e tunn e l inj e ction and spin d e p e nd e nt scatt e ring in th e channel of the FS 3 4 1. . 

- AFig. 14 shows a cross section of a spin transistor 360 showing its cross sectional 
structur e in FIG. 1 4 is a spin transistor havin g comprising a tunnel junction structure 
int e rposin g in which an insulating NM tunnel barrier 365 is disposed between a source 361 
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made-e fformed by FM (or FS) and a drain 363 made-e fformed by FM (or FS)-and 
arranging a . It is a spin transistor with the gate electrode 371 so as to appl y disposed such 
that an electric field can be applied to the tunnel barrier 365. 

The film-thickness of the tunnel barrier 365 is preferably set to a thickn e ss 
sesuch that no Fowler— Nordheim (FN) tunneling occurs when applying only a bias 
b e twoon tho source and the -drainr-Th e bias is applied. A triangular potential at the band 
edge of the tunnel barrier band e dge produced by applying a bias b e tw ee n across the source 
and th e ^ ain junction is chang e d varied by athe gate voltage in order to induce tfee-FN 
tunneling4e and obtain a drain current. 

Spin— polarized carriers injected from the source 361 are subject to spin- 
dependent scattering in the drain 363 according to depending on the relative magnetization 
stat econfiguration of the source 361 and-4he drain 363.^^ 6 Thus, the mutual conductance 
of the transistor can be controlled by the relative dir e ctions of magnetization 
e fconfiguration between the source and the-drain. 

- AFig. 15 shows a cross section of a spin transistor 380 showing its cross s e ctional 
structur e in FIG. 15 r e plac e s th e tunn e l barrier of 3 80, which is similar to the spin transistor 
360 shown in FIG Fig . 14 with the exception that the tunnel barrier comprises a tunnel 
barrier 385 made-e fformed by IFS.- A While a source 381 must be ef-FM or FSr-A^j. drain 
383 need may not be a f e rromagn e tic s ubstance. The barri e r height o f ferromagnet. In the 
IFS tunnel barrier layer 385 is different according to tho 385, the barrier height differs 
depending on the spin direction of the spin of carri e rs. Wh e n the sourc e 381 and th e tunn e l 
barrier 385 hav e parall e l magn e tization, a bias is carriers. A bias is therefore applied 
between the source and the-drain and betwe e n across the source and the ^ gate s ej unction 
such that the transistor is brought to the conductiv e stat e . conducts when the source 381 and 
the tunnel barrier 385 have parallel magnetization. Under the same bias condition, when 
the source 381 and the-tunnel barrier 385 have anti parallol antiparallel magnetization, the 
tunnel barrier height of the tunn e l barrier as seen from a numb e r of spins of t he majority spin 
in the source 381 is increas e d. Th e tunn e l increases. As a result, the tunneling probability of 
the spin-^polarized carriers is decreased to reduc e tho decreases, leading to a decrease in 
drain current. The spin selectivity by the spin filter effect is very largo. Wh e n using a 
f e rromagn e tic substanc e having a large s pin polarizability as th e sourc e 381, the mutual 
conductanc e according to Because the spin selectivity provided by this spin-filter effect is 
extremely large, the change in mutual conductance depending on the relative dir e ctions of 
magnetization configuration of the source and the-drain can be larg e ly changod. increased 
by using a ferromagnet with a large spin polarization in the source 381 . 

-The Any of the above— described various spin transistors ea nmay be used as the 
memory cells for the memory circuit shown in FIGFig. 4 or FIGFig. 6. 

It is also possible to form a structure configuration in which the sources of 
the-two voltage— driven typ e spin transistors shown in FIGS Figs . 11, 4414, and 15 are 
shar e d as one sourc e . FIG. 16(A) is a diagram showing a structural e xample of m e mory 
c e lls having a shared source structur e . FIG. 16(B) is a diagram showing a cross sectional 
structural e xamplo have a common source. Fig. 16 (A) shows an example of a memory cell 
of a common-source configuration. Fig. 16 (B) shows a cross section of the memory cells 
having a shar e d of a common- source structur e , configuration. 
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The memory cell structure shown in FIGS Figs . 16 (A) and ±6(B) 
has comprises a first spin transistor Trl and a^second spin transistor Tr2 that are disposed 
adjacent e ach oth e r, word line WL sharabl y to one another: a wordline WL connecting a 
gate electrode Gl of the first spin transistor Trl and ajjate electrode G2 of the second spin 
transistor Tr2 ^2; a first bfc-fo ebitline BL1 connected to_a first drain Dl of the first spin 
transistor Tr-M; a second bit line bitline BL2 connected to asecond drain D2 of the second 
spin transistors a ferromagnetic source S shar e d betwee n common to the first and second 
spin transistors Trl and Tr 2, and a wir e grounding it. Using th e abov e structure shar e s the 
sourc e provides a 2; and a line connecting the common source to ground. In this 
configuration, the common source makes the cell structure suitable for higher ^density 
integration. 

To minimiz e a l e ak current at non conduction, in ln particular, the voltage— driven 
type-spin transistors shown in FIGS. 11, 1 4 and 15, it is pr e f e rabl e to us e F igs. 11, 14, and 
1 5 preferably comprise a highly insulating substrate, such as an SOI substrate having a high 
insulation, as shown in FIG. 16(B). Fig. 16 (B), so as to reduce leakage current when the 
transistor is off. 

As described above, the spin -filter transistor according to — the 
e mbodiments of the present invention and various spin transistors shown in this 
e mbodim e nt have a charact e ristic capabl e of controlling an output charact e ristic according 
to th e r e lativ e dir e ctions of magn e tization of th e pin lay e r and th e according to the various 
embodiments of the present embodiment are characterized in that the output characteristics 
can be controlled by the relative magnetization configuration of the pin layer and free layer 
included i n within the device. The relative magnetization state has a nonvolatil e 
characteristic capabl e of holding th e stat e without supplying an e l e ctric power. Th e r e lativ e 
magn e tization stat e s can b e stor e d as configuration is nonvolatile, namely, the device does 
not require the feeding of power for retaining the magnetization configuration. Thus, the 
device can store binary information in nonvolatil e mann e r. Using th e abov e output 
characteristic can e l e ctrically d e t e ct terms of the relative magnetization stat e . A on e 
configuration in a nonvolatile fashion. Further, using the aforementioned output 
characteristics, the relative magnetization configuration can be electrically detected. Thus, 
a 1-b it nonvolatile memory cell can be consifitgutred only by on e with a single spin 
transistor. Using thea nonvolatile memory circuit u s ing th e comprising a spin transistor 
according to this embodim e nt can fr ee ly design th e magnitud e of output signals and the 
embodiments of the invention, the ratio of output signals te as well as their magnitudes with 
respect to the stored information can be freely designed . 

-Usi ngThus, using the spin transistor according to thise embodiments of the 
pr e s e nt invention and a memory circuit using th e sam e can incr e ase comprising the spin 
transistor, the operating speed and the level of integration of thea nonvolatile memory 
circuit can be increased . 

-The While the present invention is has been described abov e along th e with 
reference to various embodiments^-The thereof, the present invention is not limited to th e s e . 
It is appar e nt by any of these embodiments. It should be obvious to those skilled in the art 
that various modifications, improvements andor combinations can be made. 
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INDUSTRIAL APPLICABILITY 

As d e scribed abovo, In accordance with the spin ^filter transistor of the present 
invention can largely chang e an output characteristic according to , the output characteristics 
can be greatly changed by the relative dir e ctions of magnetization e fconfiguration of the 
ferromagnetic barrier layers. 

4%eA nonvolatile memory circuit using, as comprising a memory c e lls, tho cell 
employing this spin ^filter transistor and anoth e r or a spin transistor having a charact e ristic 
equal to that of this with equivalent characteristics can store binary information according 
te in terms of the relative dir e ctions of magnetization of f e rromagn e tic substanc e s 
included configuration of ferromagnets contained in the transistor and can electrically detect 
the . The relative dir e ctions of magnetizationy-Usin g configuration can also be detected 
electrically. Furthermore, using the nonvolatile memory circuit of the present invention-ean 
fre e ly design , the output signals with respect to the stored information . A high can be 
freely designed. Using such a spin transistor, a high- speed and high integration-density 
nonvolatile memory circuit with high d e n s ity int e gration constituting a on e c an be realized 
that comprises a 1-b it nonvolatile memory cell only by ono made up of a single transistor 
can b e r e aliz e d. . 
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CLAIMS 



1 . A transistor comprising : 

a spin injector for injecting spin-^polarized hot carriers by a spin I filter effect^; and 
a spin analyzer for selecting the thus injected spin— polarized hot carriers by the 
spin ^filter effect. 

2. The transistor according to claim 1, wherein said spin injector has -comprises: 

a first ferromagnetic barrier layer capable of tunn e ling carri e rs by applying a 
voltage at both e nds, through which the carriers can be transported by tunneling upon 
application of a voltage across said first ferromagnetic barrier layer; 

a first nonmagnetic electrode layer joined to one end surface of said first 
ferromagnetic barrier layer?; and 

a second nonmagnetic electrode layer joined to the other end surface of said first 
ferromagnetic barrier layer. 

3. The transistor according to claim 1 or 2, wherein said spin analyzer has -comprises: 

a second ferromagnetic barrier layer-; 

said second nonmagnetic electrode layer joined to one end surface of thesaid 
second ferromagnetic barrier layers and 

a third nonmagnetic electrode layer joined to the other end surface of said second 
ferromagnetic barrier layer, and shares wherein said second nonmagnetic electrode layer 
wit his common to said spin injecto r and said spin analyzer . 

4. The transistor according to claim 2 or 3, wherein said first and second ferromagnetic 
barrier layers kefade comprise a ferromagnetic semiconductor or a ferromagnetic insulator. 

5. The transistor according to any one of claims 1 to 4, wherein the thickness of said second 
nonmagnetic electrode layer is bele wsmaller than the mean free path of the spin— polarized 
hot carriers efin said second nonmagnetic electrode layer. 

6. TheA transistor according to any one of claims 1 to 5, wherein according to the spin z 
filter effect of said spin injecto r, in th e tunnel e ff e ct of th e carrier s takes advantage of the 
fact that, in a carrier tunneling effect in said first ferromagnetic barrier laye r which is 
produced by applyin g through the application of a voltage to said first nonmagnetic 
electrode layer and to said second nonmagnetic electrode layer, larg e is th e tunnel 
probabilit y those of the carriers having the that exist in said first nonmagnetic electrode layer 
and that have a spin direction of th e spin parallel to thea spin band at the band edge of said 
first ferromagnetic barrier layer of th e carri e rs e xisting in said first nonmagn e tic electrode 
lay e r, and small i s th e tunn e l probability of th e carriers having the dir e ction of th e spin 
anti parall e l th e reto have a large tunneling probability, while those carriers with an 
antiparallel spin direction have a small tunneling probability . 

7. The transistor according to any one of claims 1 to 6, wherein according to the spin -filter 
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effect of said spin analyze r takes advantage of the fact that , when the spin direction of the 
spin of s pin ^ polarized hot carriers injected from said spin injector is parallel to the 
direction of th e spin that of the spin band at the band edge of said second ferromagnetic 
barrier layer, said spin-polarized hot carriers are conduct e d transported through the spin 
band at the band edge of said second ferromagnetic barrier layer t eand reach said third 
nonmagnetic electrode layer, aa dwhereas when the spin direction of the spin of said spin- 
polarized hot carriers is anti parall e l to th e dir e ction of th e s pin antiparallel to that of the 
spin band at the band edge of said second ferromagnetic barrier layer, said spin— polarized 
hot carriers emne tare unable to reach said third nonmagnetic electrode layer. 

8. The transistor according to any one of claims 1 to 7, wherein a first voltage is applied by 
a first pow e r source between said first nonmagnetic electrode layer and said second 
nonmagnetic electrode layer ? from a first power supply, and a second voltage is applied by-a 
second pow e r sourc e between said second nonmagnetic electrode layer and said third 
nonmagnetic electrode layer or between said first nonmagnetic electrode layer and said 
third nonmagnetic electrode layer, and according to th e r e lativ e dir e ctions of magnetization 
of said first f e rromagnetic barri e r lay e r and said s e cond f e rromagn e tic barrier lay e r, spin 
from a second power supply, and wherein said spin-p olarized hot carriers injected from said 
first nonmagnetic electrode layer inteto said second nonmagnetic electrode layer are 
switched to e ith e r an e l e ctric a current flowing via through said second ferromagnetic barrier 
layer and said second power seureesupply or an e l e ctric a current flowing vi a through said 
second nonmagnetic electrode layer and said first power sourc e , supply depending on the 
relative magnetization configuration of said first ferromagnetic barrier layer and said 
second ferromagnetic barrier layer. 

9. The transistor according to claim 8, wherein said first voltage is applied sesuch that the 
energy of the injected spin-polarized hot carriers isbecomes larger than the e n e rgy of the 
spin band edge e fenergy at the band edge of the said second ferromagnetic barrier layer and 
is-smaller than the energy mof the spin band edge to which athe spin -split width is added4e 
the e nergy of the spin band e dg e. 

10. The transistor according to claim 9, wherein a magn e tic fi e ld is applied to inv e rt any 
on e of th e dir e ctions o f the relative magnetization e fconfiguration in said first ferromagnetic 
barrier layer andor said second ferromagnetic barrier laye r can be reversed with the 
application of a magnetic field . 

1 1 . A memory circuit wh e rein comprising a memory cell formed by the transistor according 
to any one of claims 1 to 10 is a memory cell. 10. 

12. The memory circuit according to claim 11, wherein the said second nonmagnetic 
electrode layer of said transistor is connected to a word lin e , th e wordline, said third 
nonmagnetic electrode layer of said transistor is connected to a bit line bitline , said bit 
tine bitline is connected via a load to a power seuree supply via a load , and th esaid first 
nonmagnetic electrode layer of said transistor is grounde dc onnected to ground . 
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1 3 . A storage devico memorv element comprising: 

a transistor (h e r e inaft e r, — call e d — a — ^spm — tran s istor") — including 
ferromagn e tic substances containing a ferromagnet and having aa-output characteri s tic 
dep e nding characteristics that depend on the spin direction of th e spin of carriers (to be 
hereafter referred to as a "spin transistor") ; 

anjnformation r e writing m e ans r e writing information in writing means for writing 
information within said spin transistor by changing the magnetization stat econfiguration of 
said f e rromagnetic substancos ferromagnet : and 

an information readingsensing means yeada gfor sensing from said output 
characteristics information stored in said spin transistor as-fo ein terms of a magnetization 
state from said output charact e ri s tic configuration . 

14. The storage devico m emorv element according to claim 13, wherein said spin 
transistor has at least on e ferromagnetic sub s tance (h e r e inafter, call e d a "free lay e r") 
capabl e of indep e nd e ntly controlling th e direction of magn e tization and at l e ast one 
ferromagn e tic substanc e (h e r e inaft e r, called a "pin lay e r") not changing th e dir e ction of 
magn e ti zation, and holds any one of two stored states o f comprises at least one ferromagnet 
in which the relative magnetization configuration can be independently controlled (to be 
hereafter referred to as a "free layer"), and a ferromagnet in which the relative 
magnetization configuration is not changed (to be hereafter referred to as a "pin layer"), 
wherein 

one of two memory states, namely, a first state in which said free layer and said pin 
layer have the same dir e ction o fr elative magnetizatio n configuration, and a second state 
havm gin which they have different dir e ctions of m agnetization configurations, is retained . 

15. A storag e device memory element according to claim 14. wherein en ea single spin 
transistor according to claim 14 i s used to s tor c stores information according to in terms of 
the relative directions of magnetization e fconfiguration of said free layer relative to said pin 
layer a and said free layer for detecting tho wherein information stored in said transistor 
bas e d on an i s detected using the output characteristics of said spin transisto r d e pending ^ 
which depend on the relative dir e ctions of magnetizatio n configuration of said pin layer and 
said free layer. 

16. The storag e d e vice memory element according to claim 14 or 15, wherein said spin 
transistor ha scomprises: a first electrode structure for injecting spin-polarized carriers r ; 

a second electrode structure for receiving said spin— polarized carriers^; and 

a third electrode structure for controlling the quantit y amount of the spin-polarized 

carriers conducted transported from said first electrode structure to said second electrode 

structure, and -wherein 

said pin layer and said free layer are included in any-ene of said first to third 

electrode structures. 

17. A storag e devico memorv element comprising: 
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-ene a single spin transistor according to described in claim 16; 

a first wire groimdin g line connecting said first electrode structure to 

ground : 

a second wir eline connected to said second electrode structure; and 
a third wireline connected to said third electrode structure. 

1 8. A storag e d e vic e memorv element comprising: 

-en ea single spin transistor according to claim 16; 

a first wir e groundin g line connecting said first electrode structure to 

ground ; 

a second wire connect e d to said s e cond e l e ctrod e structure; 

a third wir e conn e ct e d to said third e l e ctrod e structur e ; 

a second line connected to said second electrode structure: 

a third line connected to said third electrode structure; 

an output terminal formed at one end of said second wireline; and 

a fourth wireline brancheding from said second wir e to b e line and connected-via-a 
lead to a power seareesu pply via a load . 

19. The storag e device memorv element according to claim 17 or 18, further comprising a 
first anoth e r wir e separate line and a second separate line that intersect one another wire 
crossing on above said spin transistor to b e in an electrically insulated from e ach 
ethe rmanner . 

20. The storage d e vice memorv element according to claim 19, wherein in place of said first 
anoth e r wir e and said s e cond anoth e r wir e or any on e of said first anoth e r wire and said 
s e cond another wire, said second wir e and said third wir e ar e used or any on e of said 
s e cond wir e separate line and/or said second separate line are replaced with said second line 
and/or said third wir e i s use d line . 

21 . The storag e devic e memorv element according to claim 19 or 20, wherein information is 
written by reversing the magnetization of said free layer by a magnetic field induced by 
flowing e lectric curr e nts to causing a current to flow through said first anoth e r vvir e separate 
line and said second anoth e r wir e separate line, or through said second wireline and said 
third wir e inv e rts th e magn e tization of said fre e layer to ohang o line, thereby changing the 
relative magnetization state-e f configuration between said pin layer and said free layer-fer 
r e writing information . 

22. The storag e d e vice memorv element according to claim 17 or 18, wherein information is 
read based on an sensed using the output characteristics of said spin transistor when 
applying a first bias is applied to said third wireline and a second bias is applied between 
said first wireline and said second wireline. 

23. The storag e d e vice memorv element according to any one of claims 18 to 22, wherein 
wh e n applying a first bias to said third wir e , information is read-b vsensed using an output 
voltage that is obtained bas e d on the basis of a voltage drop e facross said load produced due 
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to a current through said load and said spin transistor between said power seuree supply and 
said first wire and said load by an electrio current via said spin transistor line when a first 
bias is applied to said third line . 

24. A memory circuit comprising: 

-eft ea single spin transistor according to claim 16 arraynged ina matrix; 

a first wir e grounding line connecting each of said first electrode 
structur es structure to ground ; 

a plurality of word lin e s sharabl yw ordlines commonly connecting said 
third electrode structures of said spin transistors arraynged in the column direction; and 

a plurality of bit lines sharabl yb itlines commonly connecting said second 
electrode structures of said spin transistors arraynged in the row direction. 

25. A memory circuit comprising: 

-athe spin transistor according to claim 16 arraynged ina matrix; 

a first wir e groundin g line connecting each of said first electrode 
structur e s structure to ground : 

a plurality of word lin e s sharabl y wordlines commonly connecting said 
third electrode structures of said spin transistors arraynged in the column direction; 

a plurality of bit lin e s sharably b itlines commonly connecting said second 
electrode structures of said spin transistors arraynged in the row direction; 

an output terminal formed aton one end of said b&-foe bitlines ; and 

a second wir eline brancheding from said bit line to b e bitline and 
connected via a load to a power seure esupply via a load . 

26. The memory circuit according to claim 24 or 25, further comprising a first another 
wirese parate line and a second separate line that intersect one another wir e cros s ing 
enabove said transistor te-b ein an electrically insulated from e ach oth e r manner . 

27. The memory circuit according to claim 26, wherein in place of said first another 
wir eseparate line and/or said second anoth e r wir e or any on e of said fir s t anoth e r wir e and 
said s e cond another wir e , said word lin e and said bit lin e are us e d or any on e of said word 
lin eseparate line are replaced with said wordline and/or said bit line is u s e db itline . 

28. The memory circuit according to claim 26 or 27, wherein a magn e tic fi e ld induc e d by 
flowing e l e ctric currents to said first another wir e and said s e cond anoth e r wir e or said 
word lin e and said bit line inverts information is written by reversing the magnetization of 
said free layer to chango bv a magnetic field induced by causing a current to flow through 
said wordline and said bitline, thereby changing the relative magnetization stat e of said fre e 
layer and configuration between said pin layer for r e writing information and said free layer . 

29. The memory ekett kelement according to claim 24 or 25, wherein information is read 
bas e d on an sensed using the output characteristics of said spin transistor when applying a 
first bias is a pplied to said word lin e wordline and a second bias is a pplied b etween said first 
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wi reline and said bit lin e , b itline. 

30. The memory eireui telement according to any one of claims 25 to 27, wherein wh e n 
applying a first bias to said word line, information is read-b ysensed using an output voltage 
that is obtained based on the basis of a voltage drop of said load produc e d across said load 
due to a current through said load and said spin transistor between said power seure esupply 
and said first wir e and said load by an electric curr e nt via said spin transisto r line when a 
first bias is applied to said third line . 

3 1 . A storage device memory element comprising: 

a first and asecond spin transistors according to claim 16; 

a first wir e grounding a line connecting the first electrode structure-shared 
b e tw ee n , which is common to said first and said second spin transistors , to ground ; 

a second and_a third wires connecting a line connected to the second 
electrode structure of said first spin transistor and athe second electrode structure of said 
second spin transistor, respectively; and 

a fourth wir e conn e cting a line connected to the third electrode structure of 
said first spin transistor and a the third electrode structure of said second spin transistor. 

32. A memory circuit comprising: 

a plurality of spin transistors according to claim 16 arraynged ina matrix; 

a first wir e sharing and grounding said a first line commonly connecting to 

ground the first electrode structures of a plurality of spin transistors arranged in a first row 
and the first electrode structures , of said plurality of spin transistors, in the row of a 
plurality of first spin transi s tors array e d in the row dir e ction and in th e row of a plurality of 
s e cond spin transistors array e d in th e row direction adjac e nt to th e row of said first spin 
transi s tors in th e column dir e ction; of a plurality of spin transistors arranged in an adjacent, 
second row; 

a first bit lin e sharably conn e cting s aid s econd e l e ctrod e structur e s, of said 

plurality of spin transistors, in the row of a plurality of first spin transistors arrayed in the 
row dir e ction, and a se cond bit line sharably conn e cting said s e cond e l e ctrode structur es in 
th e row of s e cond spin transistors adjac e nt to th e row of said first spin transistors in th e 
column dir e ction; and 

a first bitline commonly connecting the second electrode structures of a plurality of 
spin transistors arranged in a first row and the second electrode structures of a plurality of 
spin transistors arranged in a second row adjacent to said first row in the column direction; 

a second bitline commonly connecting the second electrode structures of said spin 
transistor in said first row and the second electrode structures of said second spin transistors 
in said second row adjacent to said first row in the column direction; and 

a word lin e sharably a wordline commonly connectin g the third electrode 
structures^ of said plurality of spin transistors , in the column of a plurality of spin 
transistors arrayed in the in a column direction. 

33. A memory circuit comprising: 
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a plurality of spin transistors according to claim 16 arraynged ina matrix; 

a plurality of first wires sharing and grounding said first el e ctrode structures, of 

said plurality of spin transistors, in th e row of a plurality of first spin transistors array e d in 
th e row dir e ction and in th e row of a plurality of s e cond spin transistors array e d in th e row 
dir e ction adjacent to the row of said first spin transistors in th e column dir e ction, one first 
wire being provided every two rows; 

a plurality of fir s t bit lin e s s harably conn e cting said second e l e ctrod e s tructur e s, of 

said plurality of spin transistors, in the row of a plurality of first spin tran s i s tors array e d in 
the row dir e ction, on e first bit lin e b e ing provid e d e v e ry two rows of said spin transistors, 
and a plurality of second bit lin e s sharably connecting said second electrode structures in 
th e row of second spin transistors adjacent to th e row of s aid first spin transistors in the 
column dir e ction, on e s e cond bit line b e ing provid e d ev e ry two row s of said spin 
transistors; and 

a plurality of first lines each commonly connecting to ground said first electrode 
structures of a plurality of spin transistors in a first row and those of a plurality of spin 
transistors in a second row adjacent to said first row in the column direction, wherein each 
of said first lines is provided for every two rows; 

a plurality of first bitlines each commonly connecting said second electrode 
structures of a plurality of said spin transistors arranged in a first row, wherein each of said 
first bitlines is provided for every two rows: 

a plurality of second bitlines each commonly connecting the second electrode 
structures of a plurality of spin transistors arranged in a second row adjacent said first row 
in the column direction, wherein one such second bitline is provided for every two rows of 
said spin transistors; and 

a plurality of word lin e s sharabl y wordlines commonly connectin g the 
third electrode structures , of said plurality of spin transistors, in the column of a plurality of 
said spin transistors arraynged in the column direction. 

34. The storage d e vic e memory element according to claim 20, wherein information is 
written by reversing the magnetization in said free layer by a magnetic field induced by 
flowing e l e ctric currents to causing a current to flow through said second wi reline or said 
third wireline with which any on e of said first anoth e r wir e and separate line or said second 
anoth e r wir e is separate line have been replaced-an d, or through said first anoth e r wir e or 
said second anoth e r wire which is not replac e d with th e se inverts th e magn e tization of said 
fr ee lay e r to chang e separate line or said second separate line that has not been replaced 
thereby, thus changing the relative magnetization state-o fconfiguration between said pin 
layer and said free laye r for r e writing information . 

35. The memory circuit according to claim 27, wherein information is written by causing 
the relative magnetization configuration between said free layer and said pin layer to be 
changed by a magnetic field induced by flowing e l e ctric curr e nts to said word line causing a 
current to flow through said wordline or said bit line bitline with which any on e of said first 
anoth e r wir e and separate line or said second anoth e r wir e is r e plac e d an d separate line have 
been replaced, or through said first anoth e r wir e or s aid s e cond anoth e r wire which is not 
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replaced with th e se changos th e relativ e magn e tization stat e of said fr e e lay e r and said pin 
layer for rewriting information separate line or said second separate line that has not been 
replaced thereby . 
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ABSTRACT 

Th e r e ar e provid e d a A spin transistor haviftg comprises a spin injector for injecting, as hot 
carriers, carri e rs havin g from a first nonmagnetic electrode carriers with a spin parallel to thea 
spin band constituting forming the band edge of a first ferromagnetic barrier layer from a first 
nonmagn e tic e l e ctrod e into , to a second nonmagnetic electrode layer-an d, as hot carriers. It 
also comprises a spin analyzer conducting, by the wherebv, due to spin -spli tting at the band 
edge of a second ferromagnetic barrier layer, the hot carriers spin-polarized hot carriers are 
transported to a third nonmagnetic electrode when the direction of the spin of the spin 
polariz e d hot carriers injected into the second nonmagnetic electrode is parallel to the 
dir e ction that of the spin of the spin band at the band edge of the second ferromagnetic 
barrier layer and not conducting the hot carriers , whereas the hot carriers are not transported to 
the third nonmagnetic electrode when they ar e anti parall e l, and a storag e d e vice using thc in the 
case of antiparallel spin. A memory element is also provided that comprises such a spin 
transistor. 
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